‘lectrochemical] 
do clely 





4—FIFTIETH ANNIVERSARY —1952 


Electronics Issue ] 


Plants: 
Niagara Fall 


rganior l 


M 





DURABILITY 


GLC anodes for the electrolytic industry are 


durable —their low consumption characteristics 


stand the test of comparison. 


Jti, iN 


( J were mi Lia lk ex | Ca i bon Cox porat key a) 


Extrusion Press: 


Morganton, 
N. C. plant 


Sales Offices: 
Niagara Fall: 
New York, N. Y. 
Chicago, I]] 
Pittsburgh, Pa 


Sales Representatives: 
Birmingham, Ala 
Wilmington, Cal 


PRODUCTS OF GREAT LAKES CARBON CORPORATION 


Electrode Division 
Graphite anodes. Graphite 
and amorphous carbon elec- 
trodes. Carbon and granhite 


specialties 


Oil and Gas Division 
‘rude petroleum and natural 


Carbon Division 

Petroleum coke. Calcined 
petroleum coke. Industrial 
carbons. 

Dicalite Division 
Diatomaceous silica for filter- 
aids, fillers and insulating 
uses. 


Perlite Division 

Perlite lightweight aggregates 
and products for the building, 
oil, foundry and other indus- 
tries. Perlite ore. 


Merchant Coke Plant 
Premium foundry and indus- 
trial coke. Coke co-products. 











Journal of the 


Electrochemical Society 














APRIL, 1952 VOLUME 99¢ NUMBER 4 








ae i we mh me 
Anniversary Features 


The Electronics Division of the Society—Editorial. John W. Marden... .. 77C 
History of the Electronics Division of The Electrochemical Society. 


Technical Papers 


Cadmium Chlorophosphate Phosphors. Robert W. Wollentin, C. K. Lui 


Wei, and Rudolph Nagy Pe rae ie SB 131 
Calcium Zine Silicate Phosphor. Rudolph Nagy, C. K. Lui Wet, and R. W. 

. .. Sra oe a Peete» bf ae 137 
The Zine Silicate Phosphors Fluorescing in the Yellow and Red. H. G. 

Pfeiffer and G. R. Fonda ome oae wale § vee 140 
The Function of Oxygen in Zine Sulfide Phosphors. F. A. Kroeger and 

ee ak end ORs dx wae ln es Hb .. 144 
Zinc-Magnesium Oxide and Zinc-Magnesium Sulfide Phosphors. Arthur 

L. Smith BASS ee anrre Sanvile ate |e 
The Excitation Spectra of Various Silicate Phosphors. Alexander JJ. 

Oszy RE s,s ab teneas oar ae AG to eee inal alin oes phat acs 
Liquid Settled Luminescent Screens. S. Pakswer and P. Intiso..... . 34s) oe 
The Mechanism of the Cathodic Hydrogen Evolution Reaction. J. O'M. 

Bockris and EB. C. Potter....... POE Peg re Vb NL ee .. 169 
Current Affairs 
Plans Now Complete for Philadelphia Meeting S65 Rvodd wet ave 
ey Pe re ee re 85C 
An Open Letter to the Membership SUMILE Fike dain oe sc) Se 
News Notes Biak's <at SADkiennte 3 a Side dee aa oS aon oe 
rn SOR ia aie vce meee OE are niyeg dee cas oo ae 
I 2a oe gh NS ere ee Skiketos in ibe Sg sce ES acts et Sa 
New Members.......... Bet ts se oe DI Shas Sian 4b . eC 
Literature from Industry boa pba 940 
Highlights of the Board of Directors’ Meeting.................. 96C 


Recent Patents... . va ay i Meus Sepp wata ea . £2 





ek a Saleh gan ae we ae be wes 98C 
EDITORIAL STAFF 
R. M. Burns, (h:cirman 
Norman Hackerman, T'echnical Editor Rutu G. Srerns, Assistant Editor F. L. LaQue Business Manayer 
Ceci, V. Kina, Associate Editor Mary F. Murray, Assistant Editor U. B. Tuomas, News Editor 


DIVISIONAL EDITORS: M. A. Srreicuer, Corrosion; ABNER BRENNER, Electrodeposition; N.C. Canoon, Battery; H.C. 
FROELICH, Electronics; W. C. Garpiner, [ndustrial Electrolytic; 8. J. SINDEBAND, Electrothermic; R. R. Rauston, Electric 
Insulation; L. B. Rogers, Theoretical; SuzRLock SwANN, JR., Electro-Organic 


RI GIONAL EDITORS: Joseru A. Scuutein, Pacific Northwest; J.C. ScHumacuer, Los Angeles; O. W. Storey, Chicago; 
G. W. Herse, Cleveland; Pau. 8. Brauer, Niagara Falls; OLIVER OsBorN, Houston; Eart A. GULBRANSEN, Pittsburgh; 
J. W. Curupertson, Great Britain; T. L. Rama Cuar, /ndia 


AvVERTISING: Richard Rimbach Associates—James Condon, 133 Marlborough St., Boston; Richard Rimbach, Jr., 551 
Fifth Ave., New York; William J. Gallagher. 3701 N. Broad St., Philadelphia; C. F. Goldcamp, 921 Ridge Ave., Pit's- 
buryh; Harold Haskett, 360 N. Mich. Ave., Chicago; James R. Wright, 411 N. Tenth St., St. Louis; M. D. Pugh. 2721 N. 
Marengo Ave., Altadena (Los Angeles). 


«ublished moathly by The Electrochemical Society, Inc., Mt. Royal and Guilford Aves., Baltimore 2, Md., combining the 
JoorNAL and TRANSACTIONS OF THe ELectrocHemicaL Soctery. Editorial Office: 235 W. 102nd St., New York 25, N. Y. Busi- 
ness Office: Mt. Royal and Guilford Aves., Baltimore 2, Md., or 235 W. 102nd St., New York 25, N. Y. Statements and 
opinions given in articles and papers in the JourNnat or Tue Evecrrocuemicat Society are those of the contributors, and The 
Electrochemical! Society assumes no responsibility for them. Subscription: $8.50 to members, $12.00 to nonmembers. Single copies 
$1.00 to members, $1.25 to nonmembers. Copyright 1952 by The Electrochemical Society Inc. Entered as second-class matter 
November 15, 1947, at the Post Office at Baltimore, Md., under the act of August 24, 1912. . 





— — — A 


75C 











= 


prove the future 


POP 
PEPLETEUAERERARLRT 


PILILTLR 
i} 


I. 1927, Bell Laboratories physicists demonstrated that 
moving electrons behave like light waves, and thus launched the 
new science of electron optics. 


Now, through the electron beams of the electron microscope 
and electron diffraction camera, scientists learn crucial details 
about the properties of metals far beyond the reach of optical 
microscopes or chemical analysis. 

At the Laboratories, electron beams have revealed the 
minute formations which produce the vigor of the permanent 
magnets used in telephone ringers and magnetron tubes for radar. 
The same techniques help show what makes an alloy hard, a cath- 
ode emit more electrons and how germanium must be processed 
to make good Transistors. 


This is the kind of research which digs deep inside materials 
to discover how they can be made better for your telephone system 
... and for the many devices which the Laboratories are now devel- 
oping for national defense. 


BELL TELEPHONE LABORATORIES 
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Electron micrograph of an alloy of aluminum, nicke! 
cobalt and iron. Magnification 20,000 diameter; 


Cooled from high temperature in a magnetic field 

the alloy becomes a powerful, permanent magnet 
Note changed structure. Black bars reveal formation of 
precipitate parallel to the applied field. Each bar is 
@ permanent magnet. 


A Bell scientist adjusts electron diffraction camer 

Electrons are projected on the specimen at glancing 
angles. They rebound in patterns which tell the @ 
rangement of the atoms. . . help show how telephone 
materials can be improvéd. 


4 Diffraction pattern of polished germanium we 
minute impurities which would degrade the Pt 
formance of a Transistor. 


Improving telephone service for America 
provides careers for creative men in 


scientific and technical fields. 
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Cadmium Chlorophosphate Phosphors' 


Ropert W. Wo.vLentin, C. K. Lut Wert, anp Rupo_tpa Naay 


Research Department, Westinghouse Electric Corporation, Bloomfield, New Jersey 


ABSTRACT 


An investigation of cadmium chlorophosphate phosphor was undertaken to determine 


the possibilities of its use in the production of fluorescent lamps. Under 2537 A 


excitation 


this phosphor fluoresces a yellowish pink with a peak of emission at 5900 A. Studies were 
made of the effect of substitutions of cations for cadmium on the output, emission, ex- 
citation, and interlattice spacing of the phosphor. Acceptable commercial lamps can be 
made with a number of modifications of cadmium chlorophosphate phosphor. 


INTRODUCTION 


Several authors have reported on the emission 
and structural characteristics of the apatite phos- 
phors (1-4). The greatest interest has been given to 
calcium, barium, and strontium halophosphates 
doubly activated by manganese with antimony, tin, 
lead, arsenic, bismuth, or uranium. Comparatively 
little interest has been shown in cadmium chloro- 
phosphates (5, 6) activated by manganese alone. 
These phosphors generally have a narrow fluores- 
cence spectrum with the peaks of emission ranging 
from 5880 A to 6100 A. 

The present paper describes some of the spectral 
and structural characteristics as well as the per- 
formance in fluorescent, lamps of a variety of cad- 
mium chlorophosphate phosphors. 


EXPERIMENTAL 


The process of phosphor preparation consisted 
of intimately mixing cadmium oxide, diammonium 
acid phosphate, manganese chloride, and a chloride 
of one or more of the group, cadmium, barium, 
strontium, magnesium, and zine. The mixtures were 
fired, in covered fused silica containers, in a Globar 
furnace under a normal air atmosphere at tempera- 
tures ranging from 600°C for the barium-containing 
samples to 850°C for the normal cadmium-contain- 
ing samples. The time of firing was standardized 
at 30 minutes for 30 gram batches to 90 minutes 
for 300 gram batches. The samples were refired 
until no further increase in plaque brightness could 
be gained by reheating. No special quenching pro- 
cedure was employed. The samples were allowed to 
cool to room temperature with the covers left on. 
A 0.5 mole excess of phosphate over that required 
to form cadmium orthophosphate was found help- 


ful in all instances in deriving maximum efficiencies 

and reproducible results. Therefore, all formulations 

include « 0.5 mole excess of phosphate per 3.0 moles 
M 


iscript received September 17, 1951. This paper 


prepa or delivery before the Washington Meeting, April 
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of cadmium, or a total of 7.5 moles of phosphate for 
the 9.0 moles of cadmium in the starting composi- 
tions. 

A recording spectroradiometer, employing a Beck- 
man monochromator, photomultiplier tube, and a 
Brown electronic recorder, was used to obtain all 
spectral distribution curves. The mechanical slit 
width of the monochromator was maintained at 
0.15 mm for all samples. The resultant curves, with 
the mercury lines removed, were corrected for photo- 
multiplier sensitivity and adjusted to a peak value 
of 100. 

All of the x-ray diffraction studies on cadmium 
chlorophosphates were made with a North American 
Philips, Geiger counter, x-ray spectrometer. Copper, 
chromium, and iron tubes were used as the source of 
x-ray radiation. 

The excitation measurements were made with a 
recording spectroradiometer previously described, 
using a hydrogen discharge lamp and monochroma- 
tor as the ultraviolet source. The phosphor powders 
were coated on the outer surface of a cylinder of 
Corning 704 glass which surrounded the photomul- 
tiplier. The photocurrent induced by the fluores- 
cence of the phosphor was recorded as a function 
of the exciting wavelength. Correction for the energy 
distribution of the hydrogen source was made. 

Relative brightness values were obtained on a 
plaque of the powdered material exposed to 2537 
A radiation. The emission was detected by a pho- 
tronic cell corrected to eye sensitivity, and a sensi- 
tive galvanometer. 

Fluorescent lamp data were obtained on 40-watt 
fluorescent lamps manufactured on factory equip- 
ment. The lamps were subjected to the usual test 
cycle of three hours on, twenty minutes off for one 
hundred hours of burning. 


RESULTS 
The chlorides of magnesium, cadmium, barium, 


strontium, and zine were introduced in various molar 
proportions to a base material of tertiary cadmium 
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phosphate and manganese according to the general 
formulation: 3Cd;(PO,)2-X (MWCl,):0.2Mn where M 
is any of the afore-mentioned cations and X is 
varied from 0 to 5.0 moles. Fig. 1 and 2 show the 
results of these additions on relative brightness. 
The mole proportions referred to throughout this 
work are in terms of starting compositions and do 
not necessarily reflect the actual compositions of 
the finished phosphors, since no chemical analyses 
were made to determine end products. Maxima in 
the curves occur over a range of 1 to 3 moles of the 
chlorides per three moles of tertiary cadmium phos- 
phate. Zine chloride produces the sharpest peak at 
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Fic. 1. Effeet of various halide concentrations on the 
relative brightness of cadmium chlorophosphate. 
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Fic. 2. Effect of various halide concentrations on the 
relative brightness of cadmium chlorophosphate. 







one mole. The other cations all display peaks at 
greater than 1 mole. Cadmium chloride, for ex- 
ample, peaks at about 3.0 moles, while magnesium, 
barium, and strontium chlorides show poorly defined 
but recognizable peaks at 2.0 moles. It is interesting 
to note the variable tolerance of the phosphor for 
an excess of the chlorides. Apparently large amounts 
of cadmium chloride over that necessary to yield 
the apatite x-ray diffraction pattern may be present 
without serious effect, while excessive zine chloride 
should be avoided as indicated by the rapid decrease 
in relative brightness with increasing zine content. 

The effect of the simultaneous addition of two 
or more cations on relative brightness is illustrated 
in Fig. 3. The diagram represents all possible com- 
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binations of strontium, barium, and zine in « basic 
formula which for convenience may be repre-ented 
by: 3Cd;(PO,)2:2(Sr, Zn, Ba)Cl.:0.2Mn, where the 
sum of the total chlorides always equals 2 moles. 
Plaque brightness measurements are superimposed 
on points indicating the compositions of the phos. 
phors tested. As is evidenced by the chart, slightly 
higher powder brightnesses were obtained toward 
the lower center of the diagram corresponding to 
starting compositions containing low strontium and 
relatively higher barium and zine proportions. The 
firing temperature of 750°C was employed in the 
preparation of all the phosphors represented in the 
chart. A deviation of the order of 50°C or more 
from 750°C would result in either sintering of the 
high barium compositions or serious underfiring of 
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Fia. 3. Effect of cation variation on the relative bright 
ness ina general formulation of 3Cd;(PO,).-2(Sr,Zn,Ba)Cly: 
0.2 Mn, fired at 750°C. 


the high strontium containing formulations. Fac) 
of the mixtures was refired for periods of 30 minutes 
until the relative brightness of the resultant phos 
phors remained constant. 

The optimum concentration of manganese varies 
with the specific cation chosen to replace cadmium 
When manganese chloride is added to cadmium 
orthophosphate, Fig. 4, a broad maximum in the 
brightness curve occurs between 0.6 and 0.7 moles 
of manganese chloride per three moles of cadmium 
orthophosphate. However, when manganese chio- 
ride is introduced into compositions containing WW’ 
moles of barium chloride or three moles of strontium 
chloride per three moles of cadmium orthophosphate, 
somewhat sharper peaks are obtained with 0.1 moles 
of manganese chlorides for the former and 0.2 moles 
for the latter. In the presence of the chlorides 0! 
magnesium, cadmium, and zine, the optimum Col 
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cent:ation of manganese chloride is essentially the 
same as in the strontium containing phosphor. 

The spectral distributions, under 2537 A excita- 
tion, of a cadmium chlorophosphate (3Cd;(PO,).- 
CdC],:0.2 Mn), a zine beryllium silicate and a cal- 
cium halophosphate as used in the production of 
3500KX white are presented in Fig. 5. The peak of 
emission of the cadmium chlorophosphate, curve 
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MOLES OF MANGANESE CHLORIDE 
ric.4. Effect of manganese concentration on the relative 
brightness of A—3Cd,;(PO,).-2BaCl.:Mn, B—3Cd;(PO,)>- 
38rCl.:Mn, C- -3Cd;(PO4).:Mn. 
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Fic. 5. Emission speetra of A—calcium halophosphate, 
B—zine beryllium silicate, C—eadmium chlorophosphate. 
‘ } e a 9° 
C, is located at approximately 5900 A and falls 


between the peaks for calcium halophosphate and 
} a “1: a he . 

“ne Heryllium silicate. The red portion of the cad- 
mium «!lorophosphate emission closely parallels that 


of calcium halophosphate, curve A, while the shorter 


wave neth side is markedly deficient in the blue 
and This deficiency in color necessitates the 
Use ‘liary phosphors in producing satisfactory 
wh { 


in fluorescent Jamp applications. 


The position of the emission peak of cadmium 
chlorophosphate varies with the manganese content 
and the specific cation replacing cadmium. For ex- 
ample, increasing the strontium chloride content 
causes a gradual shift of the emission toward longer 
wavelengths. Fig. 6 shows the shift in the emission 
obtained by increasing strontium chloride to three 
moles in a base material of 3Cd;,(PO,).: XSrCl.: 1.0 
Mn. This shift brings the longer wavelength emis- 
sion to coincide fairly closely with the corresponding 
portion of the zine beryllium silicate emission curve 
B, Fig. 5. The variation of the manganese content 
from 0.1 to 1.5 moles, Fig. 7, in a basic formulation 
of 3Cd;(PO).-3SrCl.:XMn, resulted in a gradual 
shift of the emission peak, a total of 200 A toward 
longer wavelengths. A similar effect was noted in 
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Fic. 6. Effect of strontium chloride concentration on the 
spectral distribution of cadmium chlorophosphate. ..A- 
3Cd;(PO,4)o:1 MnCle, B—3Cd;(PO,)2-38rCl.:1 MnCle. 


barium-containing cadmium chlorophosphates, but 
to a much lesser extent. Increasing the manganese 
in a formulation of 3Cd;(PO,).-2BaCle:Mn from 
0.1 to 1.5 moles Mn produced a total shift of 40 A 
toward the longer wavelengths. Samples containing 
magnesium, cadmium, and zine did not show the 
shift on increasing manganese. 

Table I presents some of the emission peaks ob- 
tained in cadmium chlorophosphate phosphors. In 
addition to those listed, magnesium and zine chlo- 
rides, when present in apatite proportions with 0.2 
moles Mn, gave emission peaks and distributions 
nearly identical to the cadmium chloride-containing 
phosphor of Table I. 

It appears characteristic of the cadmium chloro- 
phosphate phosphors to display double peaks in the 
excitation curve, Fig. 8 and 9. The major peak at 
2300 A is common to all, while the minor peak 
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Fic. 7. Effect of manganese concentration on the spec- 
tral distribution of 3Cd;(PO,).-3SrCl.:Mn, A—0.1 Mn, 
B—0.5 Mn, C—1.5 Mn. 


TABLE L. Emission peaks of cadmium chlorophosphate 
phosphors prepared at 800°C 


Composition Emission peak 


(A) 
3Cd;(PO,).-CdCl.:0.2Mn 5890 
3Cd;(PO,)2- BaCl.:0.1Mn 5900 
3Cd;(PO,)2- BaCle:1.0Mn 5940 
3Cd;(PO,)2-38rCl.:0.2Mn 5860 
3Cd;(PO,)2-3SrCle:1.0Mn 6080 
3Cd;(PO,)2-0.6MgCl.-0.4ZnCl.:0.2Mn 5940 
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WAVELENGTH IN ANGSTROM UNITS 
Fig.8. Excitation spectra of cadmium chlorophosphates. 
, / J ‘J © ’ ‘ ’ 
A -3( d;(PO,4)>: Bal 1,:0.2, Mn, B—3¢ d;(PO,4)-€ dc 1,:0.2 
Mn, C—3Cd;(PO,).- BaCl.:1.0 Mn. 


varies in position and height with the cation replac- 
ing cadmium and the manganese content. The shift 
in excitation toward the longer wavelengths ob- 
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tained by increasing the manganese content, | ig. 8. 
is quite marked. Fig. 8 also presents the exci‘ ation 


spectrum of 3Cd;(PO,4)2-CdCl2:0.2Mn which shows . 


the relatively high secondary peak at about 2550 | 
and the steeper slope of the long wavelength) side. 
The substitution of zine chloride for cadmium chlo. 
ride does not alter the excitation curve, while mag. 
nesium chloride results in an excitation spectrum 
essentially the same as for the barium-containing 
phosphor of Fig. 8, and strontium chloride, Fig, 9. 
causes a definite shift toward longer wavelengths 
with increasing amounts of strontium. 

The interlattice spacings and x-ray diffraction line 
intensities of our samples of cadmium chlorophos- 
phate correspond to the data given by McKeag and 
Randall (5). According to their anaiysis this materia] 
has a chemical formulation of 3Cd;(PO,4).-CdCi,, 
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Fig.9. Excitation spectra of cadmium chlorophosphates 
A —3Cd;(PO,4)2-SrCl,:0.2 Mn, B 3Cd;(PO,4) 2:38rC! 0.2 
Mn. 


and an apatite structure with a = 9.6 A, @ = 
6.45 A and an axial ratio 0.667. 

The data derived from our diffraction measure- 
ments proved that the interaction of 3 moles of cad- 
mium phosphate and one mole or mere of cadmium, 
barium, magnesium, zinc, strontium, and mangi- 
nese, alone or in combination, led to the formation 0! 
the apatite type lattice structure. When mangane* 
chloride is used in the absence of other chlorides, 
as little as 0.6 mole per 3.0 moles of cadmium ortho- 
phosphate hasbeen found to yield the apatite !a'- 
tice structure. 

In the substitution of magnesium, zine, strol- 
tium, and barium chlorides for cadmium chloride 
in the above formulation, strontium produced the 
greatest expansion of lattice spacings, while mae 
nesium produced a moderate amount of contractio! 
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Three moles of barium chloride gave a slight ex- 
pansion while zine chloride in all proportions showed 
no change. Increasing the manganese content of the 
phosphor results in a contraction of the lattice spac- 
ing. These alterations of lattice spacings indicate 
substitutional solid solutions of the added elements. 
All of the substituted phosphors contained small 
amounts of ortho- or pyrophosphates of the corre- 
sponding elements. 
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0 50 100 
HOURS OF LAMP OPERATION 
Fic. 10. Output and maintenance of phosphors in 40-watt 
fluorescent lamps. A—ZnBeSiO,:Mn, B—3Cd;(PO,).-2Mg- 
(1,:0.2 Mn, C—3Cd;(PO,)2-28rCl.:0.2 Mn, D—3Cd;(PO,),- 
2BaCl,:0.2 Mn, E—3Cd;(PO,4)2-ZnCl,:0.2 Mn. 
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HOURS OF LAMP OPERATION 


Fic. 11, Output and maintenance of phosphors in 40-watt 
fluorescent lamps. A—3Cd;(PO,).-CaFCI1:Sb:Mn, B—3Cd; 
(PO,)»-2CdCls:0.2 Mn, C—ZnBeSiO,: Mn, D—3Cd;(PO,)2- 
2MgCl.:0.2 Mn, E—3500K white blend of Zn.SiO,:Mn, 
MgWO,, and 3Cd;(PO,)2-0.6MgCl,-0.4ZnCl,: 0.2 Mn. 


The performance in 40-watt fluorescent lamps of 
a humber of these phosphors is recorded in Fig. 10 
and 11. For comparison purposes, 3500K white cal- 
cium halophosphate and zine beryllium silicate lamps 
are included. Cadmium chlorophosphate gave 66.0 
lumens per watt at zero hours compared to 49.5 
to 64.5 lumens per watt for the substituted cadmium 
chlorophosphate. A 3500K white blend of zinc sili- 
fate, Magnesium tungstate, and a cadmium chloro- 


phosp! (a, Le, 3¢ ‘d, (PC ))o O0.6MeCl,-0.4ZnCl,:0.2 
Mn produced an average of 64.4 lumens per watt 
at ze} 


our and a maintenance of 89 per cent, 
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Fig. 11. Slightly higher maintenance is indicated 
for the strontium and magnesium substitutions than 
for the zinc-magnesium combination used in the 
above-mentioned blend, but the higher lumen values 
for the latter offset the slight superiority in main- 
tenance. 


DISCUSSION 


The foregoing data have served to corroborate 
existing data on the formation of the apatite struc- 
ture in the reaction between cadmium chloride and 
cadmium orthophosphate. It has also been shown 
that the reaction between cadmium orthophosphate 
and the chlorides of magnesium, barium, zinc, and 
strontium leads to the formation of the apatite 
structure. However, in all instances extra lines are 
present in the x-ray patterns indicating the formation 
of small amounts of unwanted compounds. When 
cadmium chloride is used, a small amount of what 
may be cadmium pyrophosphate is formed. Stron- 
tium, barium, and zine chlorides all form orthophos- 
phates, while magnesium forms a small amount of 
magnesium pyrophosphate. 

The relative brightness of these phosphors is not 
always maximum with the three to one mole ratio 
of cadmium phosphate to halide as prevalent in 
the normal apatite structure. Except in the substi- 
tution of zine chloride, all of the other permissible 
cations are required to be present in one or more 
moles excess in the prefired mixture. It is believed 
that this excess may function in at least three ways. 
The formation of extraneous phosphates has al- 
ready been mentioned. Another portion is accounted 
for in the actual substitution of these cations for 
cadmium but a portion may also serve to flux the 
reaction since in all instances increasing amounts 
of the chlorides effectively decrease the melting point 
of the mixtures. 

The data on x-ray diffraction, excitation spectra, 
and emission indicate that manganese occupies a 
position in the cadmium halophosphate lattice sim- 
ilar to the position of manganese in calcium ha!o- 
phosphate. Increasing proportions of manganese in 
the barium and strontium substituted cadmium 
chlorophosphates produce a contraction of the lat- 
tice spacing as would be expected by a comparison 
of the ionic radii of cadmium and manganese, prov- 
ing that manganese enters in substitutional solid 
solution for the cations. The increase in manganese 
is also accompanied by an emission shift toward 
longer wavelengths. 

The performance of these phosphors in 40-watt 
fluorescent lamps operated at 420 milliamperes varies 
with the specific cation substituted for cadmium. 
McKeag and Randall (7) reported an efficiency of 
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25 lumens per watt from fluorescent lamps coated 
with cadmium chlorophosphate and operated at a 
current density of 20 ma/cm*. Randall (8) obtained 
30 lumens per watt from cadmium phosphate ac- 
tivated by manganese. In our tests on standard 
10-watt fluorescent lamps, cadmium chlorophosphate 
yielded 66 lumens per watt at zero hours, that 
dropped to 88.5 per cent of that value in 100 hours. 
Magnesium chloride and the combined magnesium- 
zine chloride substitution for cadmium chloride lead 
to slightly lower zero hour lumens per watt but 
slightly higher maintenance. These results compare 
favorably with zine beryllium silicates. Furthermore, 
blends of these cadmium chlorophosphates have 
equaled the performance of blends of zine beryl- 
lium silicates. While it is true that the cadmium 
chlorophosphates are still inferior to the present 
day calcium halophosphate, in lumens and main- 
tenance, there are some advantages to be gained in 
color since it is possible to derive phosphors among 
the cadmium chlorophosphates with emission as 
saturated in red as zine beryllium silicate, by the 


proper choice of cation and manganese content. 
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Calcium Zine Silicate Phosphor' 


Rupoten Nagy, C. K. Lur Wer, Aanp R. W. Wo.iLentTIN 


Westinghouse Electric Corporation, Bloomfield, New Jersey 


ABSTRACT 


Partial substitution of zine for calcium in lead-activated calcium silicate phosphor 
shifted the peak of emission from 3350 A to 3450 A. X-ray analysis indicated that the 
new phosphor had a tetragonal structure similar to the mineral hardystonite, rather than 
the monoclinic or triclinic calcium silicate. This phosphor, when made into “‘black-light”’ 
fluorescent lamps, equaled the performance of calcium cerium phosphate phosphor. 


INTRODUCTION 


A preliminary investigation of various ultraviolet 
emitting phosphors indicated that calcium silicate 
activated with lead probably could be used as a 
substitute for calcium cerium phosphate, a “‘black- 
light” phosphor. Froelich (1) has shown caletum 
silicate to have an emission near 3400 A. However, 
the ultraviolet energy output as measured by ex- 
citation of zine sulfides is only about 60 per cent of 
calcium cerium phosphate. Since both the peak 
emission and output of some of these phosphors can 
be altered by proper variation of the constituents, 
a program Was initiated to determine if an improve- 
ment could be made in this manner. A calcium sili- 
cate phosphor would be ideal from the manufactur- 
ing point of view because both calcium and silie: 
are abundant and are relatively inexpensive. Pre- 
liminary experimentation indicated that a replace- 
ment of a portion of calcium in calcium silicate by 
zinc shifted the emission spectrum of this phosphor 
to longer wavelengths. This paper describes the 
preparation and properties of a new calcium zinc 
silicate phosphor activated with lead. 


EXPERIMENTAL 
Preparation of Phosphor 


Zinc was substituted in various molar ratios for 
calcium in calcium silicate to determine the optimum 
proportion of each. Lead activator was added as 
Pbk. and kept constant at 0.019 moles for each 
mole of caleium silicate. The zine oxide, calcium 
carbonate, siliea, and lead fluoride were mixed by 
ballmilling. The phosphor was heated in covered 
silica crucibles in an electric furnace for two hours 
at 1000°C. The ultraviolet luminescence was com- 
pared with ealeium cerium phosphate taken as 100, 


by exposing a plaque of the phosphor to 2537 A 


radia! ‘ons and measuring the visible fluorescence of 
a Z) u phosphor excited by the ultraviolet emis- 

script received September 17, 1951. This paper 
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sion of the phosphor under test. Fig. 1 shows that 
maximum luminescence is obtained with a ratio of 
two moles of calcium for every mole of zinc. 

To determine the optimum amount of silica a 
series of phosphors was made in which the mole ratio 
of cation to silica was varied between 3:2 to 3:4. 
The plaque luminescence was maximum as seen in 
Fig. 2 when the ratio of the cation and anion was 
about equal. Since with most silicates it is desirable 
to use a slight excess of silica to obtain the maximum 
output, all subsequent formulas were made with 3.4 
moles silica for every 3 moles of cation. 

Various compounds of lead were also tested to 
determine the best method of introducing the acti- 
vator. Lead oxide, lead fluoride, lead carbonate, and 
lead nitrate were used in various amounts from 
0.06 to 0.48 mole per cent of lead for each mole of 
calcium silicate. Lead fluoride was preferred to the 
other lead compounds in that it reduced the time of 
firing of the sample. The highest plaque output was 
obtained with 0.3 mole per cent of lead which is ap- 
proximately 1.0 per cent of lead by weight of calcium 
zinc silicate. 


X-Ray Diffraction 


To determine phosphor structure, x-ray diffraction 
studies of different compositions were made using 
powder technique and iron K, radiation. The x-ray 
diffraction pattern of the new calcium zinc silicate 
phosphor, (B) Fig. 3, does not correspond to either 
the a (C) or 8 (D) form of calcium silicate described 
by Fonda and Froelich (2) or to zine silicate (A). A 
search of the ASTM ecard index indicates that the 
interlattice spacings correspond to melilite, a group 
of minerals having a tetragonal structure and a 
general formula CaP Si,O;, where R may be Mg, 
Al, Fe, Mn, or Zn. Matching the lines with the Hull 
and Davey charts, the present phosphor also has a 
tetragonal structure. A comparison of the x-ray data 
of these calcium silicates is given in Table I. A rare 
mineral of this composition and structure is found in 
nature and is known as “‘hardystonite.”’ 
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Excitation 
The excitation spectra of the calcium silicates were 
determined with a Beckman monochromator and a 
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Fic. 1. Relative output of calcium zine silicate with 
various ratias of zine to calcium compared to calcium cerium 
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Fic. 2. Relative output of calcium zine silicate, lead 

activated, with different mole ratios of silica to calcium plus 

zine oxides compared with calcium cerium phosphate as 
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100 for 2537 A excitation. 


Fig. 3. X-ray diffraction 
patterns of: A. Zine silicate - 
Mn; B. Caleium zine silicate 

Pb; C. @ Calcium silicate - 
Pb; D. 8 Calcium silicate - Pb. 


hydrogen discharge lamp as the ultraviolet source. 
The phosphor powders were coated on the outer 
surface of a cylinder of Corning 704 glass which sur- 
rounded an RCA 1P22 photomultiplier. The photo- 


current produced by the fluorescence of the phosphor 
was then recorded as a function of the exciting waye. 
length by a Brown electronic potentiometer. Afte; 
proper correction for the energy distribution of the 
hydrogen source, the relative excitation was plotted 
as shown in Fig. 4. Calcium zine silicate (A) has two 
peaks, one at 2350 A and the other at 2550 A. This 


TABLE IL. A comparison of lattice spacings (d/n) and 
intensities (1) of calcium zine silicate, melilite, and 


wollastonite structures 


CasZn(SiOe)s- Pb CaeMg(SiOe): Meli 


CaSiO;-Pb* Ca Silicate* 
Phosphor lite-ASTM II 1719 
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excitation curve corresponds more nearly to th 
form of calcium silicate (B) than to the low temper 
ture form 8 calcium silicate (C); however, it is difler- 
ent from either of them. 
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Emission Spectra 


The emission spectra of the calcium silicate phos- 
phors excited by 2537 A radiation were made with a 
recording spectroradiometer. It will be seen from 
Fie. 5 that the spectral distribution of the calcium 
zine silieate (A) has a peak at about 3450 A which is 
at a longer wavelength than either the a or 8 calcium 
silicate (C and D). Thus, the emission of this phos- 
phor will more nearly correspond to the excitation 
peak of the sulfides and can account for the apparent 
higher efficiency of calcium zine silicate as a “black- 
light” phosphor. 
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‘1. 4. Exeitation spectra: A. Calcium zine silicate 
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Fic. 5. Emission spectra: A. Calcium zine silicate 
Pb; B. a Caleium silicate - Pb; C. 8 Calcium silicate - Pb. 


DIscuUSSION 

The substitution of one-third of the calcium by 
zinc in lead-activated calcium silicate produces a new 
phosphor as evidenced by x-ray diffraction patterns, 
excitation and emission spectra. X-ray evidence indi- 
tates the compound has the structure of hardy- 
stonite, CasZn(SiOs)s;. Warren (3) has analyzed this 
compound by x-rays and found that the zine atoms 
are coordinated by four oxygens and calcium by eight 
oxygens. The zine tetrahedral groups are in the 
center and corners of the calcium groups. Warren’s 


analy also indicates that the silicon tetrahedrals 


are linked giving Si,O; groups. He believed that there 
were two silicon atoms for two calcium and one zine 
atom. Berman (4) has made a chemical analysis of 
hardystonite, apparently from some other source, 
and found that there are three atoms of silicon in 
ach molecule which is in the same ratio as found in 
the present phosphor, 

The apparent higher “‘black-light’’ output of the 
calcium zine silicate phosphor can be attributed to 
the shift of the emission to longer wavelengths which 
are nearer to the peak of the excitation spectra of the 
zine sulfides and organic dyes normally used to gauge 
the relative efficiencies of such phosphors. Unlike the 
gradual shift of emission wavelengths obtained by 
the incorporation of beryllia in zinc silicate, manga- 
nese activated, or zinc in calcium phosphate, thal- 
lium activated, the substitution of zine in calcium 
silicate, lead activated, causes an abrupt transition 
to longer wavelengths; this probably results from the 
change in crystal configuration from the monoclinic 
pseudo-wollastonite to tetragonal hardystonite. 

The excitation and emission spectra of the calcium 
silicates can also be attributed to the change in the 
crystal configuration as can be seen from Fig. 4 and 5. 
Lead-activated calcium silicate prepared either by 
the method of Studer, et al. (5), or Schulman, ef al. 
(6), but heated at 1120°C, gave only 8 calcium 
silicate which had an excitation peak at 2600 A and 
an emission peak with 2537 A excitation at about 
3350 A. The a calcium silicate has a double excitation 
peak with one maximum at 2300 A and the other at 
2600 A. The emission spectrum of @ calcium silicate 
has a peak at 3350 A. These results would indicate 
that Schulman, et al. (6), worked only with @ calcium 
silicate while Studer, et al. (5), had both the a and 8 
form depending upon the temperature of firing. There 
is, however, some discrepency as to the position of 
both the excitation and emission curves of the various 
types of calcium silicates so that it would appear that 
more fundamental work on this subject is necessary. 


Any discussion of this paper will appear in a Discussion 
Section, to be published in the December 1952 issue of the 
JOURNAL. 
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The Zine Silicate Phosphors Fluorescing in 


the Yellow and Red' 


H. G. Preirrer anp G. R. Fonpa? 
Research Laboratory, General Electric Company, Schenectady, New York 


ABSTRACT 


The spectral emission at room temperature and at 80°K of yellow and red fluorescing 
zine orthosilicates prepared in various ways has been determined The glassy state of the 


red phosphor has been confirmed. The yellow phosphor has been found to have some 
degree of crystallinity but its spectral emission is affected only slightly by the degree of 


INTRODUCTION 


Kleven years ago one of us published his results on 
the formation of zine silicate phosphors emitting 
fluorescence of abnormal colors (1). When, prepared 
at a low temperature, such as 850°C, from a mixture 
of zine oxide, silica, and a manganese salt with an 
inert material and with a flux of potassium chloride 
to catalyze the reaction, a product was obtained 
which fluoresced vellow. It did not exhibit the X-ray 
diffraction pattern of zine orthosilicate. Oddly 
enough, it showed the pattern of the inert material 
cristobalite, when an excess of precipitated silica had 
been added; quartz, when all of the silica including 
the excess was in the form of ground quartz; and 
zinc oxide, when an excess of zine oxide had been 
used. In all cases the same yellow fluorescence re- 
sulted. 

The experiment of Schleede and Gruhl (2) was also 
repeated, by fusing a mixture of zine oxide and silica 
with manganese as activator and chilling with a 
blast of air. This yielded a phosphor emitting the 
same yellow fluorescence. The diffraction pattern 
showed only the lines of cristobalite. The pattern 
presented by Schleede and Gruhl was inadequately 
reproduced but gave evidence that it was likewise 
the pattern of cristobalite. 

When the fused mass was abruptly quenched, by 
plunging into water, the product was found to fluo- 
resce red, a result which is also in accord with an 
experiment by Schleede and Gruhl. The diffraction 
pattern showed only a few weak lines, but was so 
badly darkened that it denoted the presence of much 
general, scattered radiation. It was concluded that 
the product was so finely grained that it could be 
called amorphous. Rooksby and McKeag also in- 


vestigated these two methods for preparing the ab- 


‘Manuscript received November 30, 1951. This paper 
prepared for delivery before the Cleveland Meeting, April 
19 to 22, 1950. 
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crystallinity as determined by x-ray diffraction. 


normal phosphors of zine silicate (3). The high tem. 
perature yellow-emitting phosphor obtained by them 
shows a clear x-ray diffraction pattern of lines, rathe 
complicated because of their unusually large numbe: 
The 850°C product, on the other hand, exhibits , 
diffuse pattern and, at lezst in the reproductio: 

shows fewer lines. They ascribe this to smalle: 
particle size and conclude that the pattern is the sam 
as the high temperature form. The presence of « 
certain amount of noncrystalline material is denoted 
by the amount of diffuse scattering, but they believe 
that the phosphor has the same structure as that o 
the high temperature form. They interpret this stru 

ture as that of a novel compound of zine oxide and 
silica, an allotropic modification of zine orthosilicate 
and call it 8-zine orthosilicate. 

They obtained also some high temperature prod 
ucts which fluoresced red. The small amounts o 
crystalline material indicated in their diffraction pat 
terns were attributed by them either to zine oxide oi 
cristobalite. They conclude that their work produces 
no evidence for the existence of the red-emitting 
phosphor as an allotropic crystalline form of zi 
silicate. In this respect we are in agreement. 

The disagreement between the x-ray results ©! 
Fonda and those of Rooksby and McKeag mat 
further x-ray ‘work desirable to see if the differen 
could be resolved. At the same time a more extensi\' 
investigation of the emission spectra of these com 
pounds was undertaken. 


EXPERIMENTAL 
A series of yellow fluorescing zine silicate pho» 
phors were prepared using quartz, flint or precip: 
tated silica as the source of silica. Table I shows some 
typical preparations. 


Emission Spectra 


The spectral distribution of the fluorescence em 
ted by the phosphors prepared from fusion unde! 
excitation by 2537 A is given in Fig. 1 and 2. The 
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TABLE I 


Form of SiO: 


pptd SiO» 
Quartz 
pptd 
pptd 


y-emitting phosphor * 3 formed by fusion. 


Firing F saaaey 
10 min 850°C Yellow 
40 min 850°C Yellow 
Fused and chilled Yellow 


Fused and quenched Red 


* All phosphors contain 0.6% Mn. 
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Spectral emission of Phosphor No. 4. A—300°K, 
case of all three yellow-emitting phosphors, 
nents of the emission at liquid air tempera- 
oped a sharp subsidiary peak at 5140 A. A 
isive investigation was therefore under- 
i the aim of ascertaining more about this 


€ emission. 
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Preparations were made with the extremely fine 
particle silica which is now available in the form of 
Mallinckrodt’s “Special Bulky.” It proved to be so 
much more reactive than the precipitated silica avail- 
able in the earlier preparations that it was necessary 
to lower the temperature of preparation from 850° 
to 800°C or lower. Mixtures were made in propor- 
tions of 1.8 moles SiO, to one mole ZnO. They con- 
tained, as before, 15 per cent. potassium chloride 
which was washed out after firing. 
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Fic. 3. Dependence of spectral distribution upon tem- 
perature for yellow zine silicate ZnO-2S8i0,. A—80°K, B— 
298°K, C—480°K, C’—475°K. 


The first group of experiments was made to find 
how the shorter wave emission depended upon the 
manganese concentration. As is evident from the 
curves of Fig. 3, the shorter wave emission occurs as 
two bands whose peaks are at 5150 A and 5440 A. 
They are intensified by a reduction in manganese 
concentration. They are also intensified, with refer- 
ence to the yellow emission band at 5800 A, by a re- 
duction in temperature, a result which is in agree- 
ment with observations by Shrader (4). Such an 
effect of temperature is contrary to what normally 
happens with a single-activated phosphor whose 
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emission comprises more than one band. It is there- 


fore probable that the yellow-emitting zinc silicate 
phosphor possesses two types of centers, one giving 
rise to the 5800 A band and a second one which is 
responsible for the emission of the shorter wave- 
length doublet at low temperatures and low manga- 
nese concentration. 

The phosphor with 0.5 per cent Mn, in which the 
5800 A band predominates, showed a brightness at 
room temperature which was 50 per cent of the green 
zine silicate under 2537 A excitation and which was 





100 
EMISSION AT 80°K 





RELATIVE ENERGY 











54 62 66 
WAVELENGTH — MICRONS 
Fig. 4. Effect of firing temperature on spectral emission 
of zine silicate activated with manganese. A—700° to 750°C, 
B—s00°C, C—850°C, D—900°C, E—1200°C (no flux). The 
phosphors (ZnO-(1.8)SiO,) contain 0.1% Mn. 


nearly as bright under cathode ray excitation. Its 
decay constant was greater than that for the green 
zine silicate having the same manganese concen- 
tration. 

The second group of experiments was made with 
the aim of investigating the structure as disclosed by 
diffraction patterns of phosphors prepared at various 
temperatures ranging from 700° to 1200°C. The low 
manganese concentration of 0.1 per cent Mn was 
used in order that the changes in relative intensity of 
all three emission bands at 5800 A, 5440 A, and 











5150 A might be followed. At the same time, the 
development of the green band at 5250 A, charac. 
teristic of the normal orthosilicate, could be observed. 
The extent of formation of the normal orthosiliceat, 
could thereby be demonstrated in two ways: by the 
appearance of its emission band and by the alteration 
in the diffraction pattern. 
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de = 13.86 A. 
co = 9.34 A. 














The spectral distribution of typical phosphors * 
lected from those prepared within the temperatu' 
range of 700°-1200°C is shown in Fig. 4. At the uppe! 
limit of the temperature range, the emission of th 
product formed at 1200°C from the mixture of 0! 
mole ZnO with 1.8 moles SiOz is identical with the 
emission of the normal green orthosilicate, prepa! 
likewise at 1200°C from a mixture of 1.8 moles 20!’ 
with one mole SiOz. 










































From inspection of these spectral distribute! 
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oyrves, it is evident that the product formed at 
70) 750°C is predominantly the yellow-emitting 
phosphor. Not only is the 5800 A band prominent, 
but so likewise is the 5150 A band, and no ev idence 
appears of the green orthosilicate band at 5250 A. At 
gC and above, however, the 5250 A band becomes 
pe weeptible and finally predominant. It is well de- 
fined in Curves C and D at 25° y a temperature at 
which the doublet bands, 5150 A and 5440 A. are 
largely suppressed. At liquid air temperature, the 
peak is observed at 5200 A. This serves to denote 
the presence of some yellow-emitting silicate, even in 
the product formed at 900°C. The extension of the 
curve on the long wavelength side confirms this con- 
clusion. The spectral emission proved much more 
sensitive to the presence of the yellow form than the 
x-ray diffraction patterns. The reason for this will be 
seen below. 

Several yellow fluorescing phosphors were ex- 
amined by x-ray diffraction. The optical spectra of 
these phosphors were practically identical but the 
x-ray diffraction patterns were strikingly different. 
Several of the preparations showed no pattern at all 
but a few gave the very complex pattern reported by 
Rooksby and McKeag. The phosphors which were 
fused and chilled gave the most extensive x-ray pat- 
tern. Quartz or cristobalite patterns were found in 
those phosphors with an excess of silic: 

The small effect that the crystallinity had on the 
optical spectrum indicates that it is only the immedi- 
ate environment of the activator ion that determines 
the character of the emission. 

Ortho zine silicate is hexagonal (5) with a = 
13.92 A, and c = 9.33 A corresponding to c/a — 
0.67. The yellow fluorescing phosphors were exam- 
ined optically. Some of the preparations showed no 
crystallinity. Other preparations had small crystals 
ca. 10 w in diameter mixed with amorphous matter. 
The crystals looked rhombohedral with an axial 
ratio of 0.65. When viewed under ultraviolet light 
the small erystals fluoresced yellow proving that 
the fluorescence was not due to the amorphous 
components of the phosphor. 

It was possible to index the complex powder pat- 
tern (56 lines) on the basis of a slightly reduced 
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zine orthosilicate lattice. The calculated d values 
were based on dy = 13.86 A Co = 9.34 A, and c/a — 
0.67 (Table IT). Some of the lines prohibited by a 
rhombohedral structure show up, however, indicat- 
ing a real change in structure. 

The agreement of our pattern and that of Rooksby 
and McKeag was quite good. Crystals for single 
crystal x-ray diffraction patterns to determine the 
unit cell with certainty could not be obtained. On 
the basis of the powder data, the structure of the 
yellow fluorescing zine orthosilicate is closely re- 
lated to that of the normal zine orthosilicate. 

The optical and x-ray evidence show that the 
active regions in this phosphor are small enough so 
that they do not have to give an x-ray pattern and 
yet the occasional presence of x-ray patterns indi- 
cated that some ordering greater than atomic dimen- 
sions is present in the yellow phosphor. In Fonda’s 
varlier preparations these ordered domains were en- 
closed in the silica matrix. Rooksby and McKeag 
prepared their phosphors under such conditions as 
to promote growth of larger regions. 

At least three types of structures in the zine 
orthosilicate phosphors may then be recognized: (a) 
the green fluorescing definitely crystalline phosphor, 
(b) the yellow fluorescing phosphor with some order 
extending for at least several unit cells, and (c) 
the red fluorescing phosphor which is a glass. 

The x-ray diffraction evidence indicates that the 
yellow phosphor is a distorted form of the normal 
green zine orthosilicate. This distortion seems to 
have a definite structure or limits of distortion of 
its own. If this were not so it would be possible to 
prepare a continuous series of phosphors from the 
green to the red. 


Any discussion of this paper will appear in a Discussion 
Section, to be published in the December 1952 issue of the 
JOURNAL. 
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The Function of Oxygen in Zine Sulfide Phosphors' 
KROEGER AND J. A. M. Dikuorr 
Philips Research Laboratories, N. V. Philips’ Gloeilampenfabrieken, Eindhoven, Netherlands 


ABSTRACT 


At 1200°C ZnS and ZnO form solid solutions of the composition ZnS—1 mole per cent 


ZnO and ZnO—0.3 mole per cent ZnS. The incorporation of ZnO in ZnS causes the ap- 
pearance of a new absorption band and, in the presence of activators, of new fluores- 
cence bands displaced about 150 A toward longer wavelengths with respect to the origi- 


nal bands. These effects are explained by the assumption of separate oxygen levels 0.1 ev 
above the full band and of new centers consisting of associated pairs of oxygen and acti- 
vator ions. The formation of such pairs is explained on the basis of the principle of com- 
pensation of volume. This principle also explains the favorable effect of oxygen on the 
intensity of fluorescence. It is found to be the logical complement of the principle of 
compensation of charge introduced earlier in connection with the incorporation of ions 
of a certain valency in a base lattice consisting of ions of a different valency. 

It is shown that oxygen gives rise to characteristic traps and has further a marked 


effect in combination with fluxes. 


The optical properties of ZnO-xZnS are briefly described and explained along similar 


lines. 


INTRODUCTION 


Zine sulfide phosphors made in the presence of 
oxygen differ in many of their properties from sim- 
ilar phosphors made with exclusion of oxygen. Thus 
zine sulfide activated with copper and made with 
the addition of a chloride flux shows only a moderate 
green afterglow, but a strong and persistent after- 
glow is observed when 1-2 per cent ZnO is added 
before firing (1). Comparison of the thermolumines- 
cence of these products shows that the latter have a 
strong glow peak above room temperature while 
with the former this peak is very weak. Refiring with 
sulfur destroys the extra glow peak (2). 

Oxygen influences the spectral distribution of the 
luminescence in two ways. It affects the position of 
separate sub-bands and it affects the relative in- 
tensities of the various sub-bands. Examples of the 
first effect are given by Rothschild (3) for ZnS-Cu 
and by Smith (4) for ZnS-Ag. In all cases oxygen 
shifts the bands 100-150 A toward longer wave- 
lengths.2 The second effect has been found with 
ZnS-Cu made with NaCl as a flux. In this case 
addition of ZnO was found to lead to a green lumi- 
nescent product while a similar product made with- 
out ZnO showed fluorescence in the blue copper 
band (6). 

Finally, oxygen has been reported to increase the 
intensity of fluorescence when the phosphors are 


' Manuscript received June 14, 1951. This paper prepared 
for delivery before the Washington Meeting, April 8 to 12, 
1951. 

* This effect is observed with products of one crystal 


modification; it is therefore not due to a transition from 
wurtzite to sphalerite (3, 5). 


prepared with halide fluxes; however, moderate in- 
tensities are also attained for preparations with oxy- 
gen but without such fluxes (4, 9). This point is par- 
ticularly important. As shown previously, ZnS ca 
be activated by Ag, Cu, or Au only when the samples 
are fired in the presence of compounds containing 
the monovalent anions Cl-, Br-, or I> (5, 7, 8) 1 
trivalent cations (9) and this has been explained 
on the basis of the assumption that only in ‘thy 
presence of such ions can Ag, Cu, or Au be incor 
porated in the ZnS lattice. The reason is that th 
activators are present as ions rather than as atoms 
In the case of silver this means that silver must !y 
incorporated as Ag.S. Incorporation of AgeS in Zs 
requires either the formation of a sulfur vacanc 
for each two Ag* ions added, or the occupation 0! 
interstitial sites by half of the silver ions. Bot! 
effects cause a large increase in the free energy 0! 
the system and, therefore, the solubility will be ex 
tremely low. These complications are avoided, #n¢ 
the solubility is accordingly increased, when th 
lack of charge due to the substitution of divaien! 
zine by monovalent silver is compensated by a simu! 
taneous replacement of an equivalent amount of di- 
valent sulfur by monovalent halogens, or of dival 
ent zine by trivalent cations. The observations 
Smith (4) indicate that oxygen slightly increas 
the solubility of Ag in ZnS without the aid of com- 
pensation of charge. This effect is particularly notice 
able with methods of excitation in which the cente™ 
are not directly excited and for which accordingly 
the concentration of centers giving a reasonable 
intensity of luminescence may be low (cathode rays 

The effects of oxygen must be explained eithe! 
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}, ‘he incorporation of oxygen in the sulfide lattice, 
leading to the formation of solid solutions of ZnS- 


Zi): by the variation of oxidation-reduction equi- 
librin of the ZnS itself or of the activators; or to a 


combination of these two effects. Incorporation of 


extra oxygen in the interlattice may be excluded 
because the space available in the interlattice is 


much too small to house the large oxygen ions. If 


solid solutions occur they must be expected to be 
of the normal type, in which part of the sulfur is 
replaced by oxygen at the same normal lattice posi- 
tions. The nature of the reactions between sulfides 
and oxygen or oxides may be understood from the 
following: 

In certain oxides a reaction may occur with oxygen 
such that the proportion of cations to anions present 
in the system is decreased. In this process the charge 
of the eations is increased (they are oxidized), as 
lor example in 


Sn*+ O% + 40, Sn Of. (I) 


This is an oxidation, either of the solid system as a 
whole, or of the cations. In a partially reduced sys- 
tem, oxygen similarly decreases the degree of reduc- 
tion and causes the compound to become stoichio- 
metric, 


ZnO” -6Zn" + * Os > (1+ 8)Zn*O*- (IT) 


Similarly if the system contains different kinds of 
cations, the oxygen may oxidize only one of them; 
for instance, 

. 


Mg. TiO, -xMn"*O" + =O» 


— Mg. TiO,-xMn“O; - (IIT) 


It has often been assumed that the type of reaction 
mentioned above is also predominant in reactions 
between a sulfide and oxygen, and that oxygen there- 
lore would tend to oxidize the sulfide. As first pointed 
out by Schleede (10) this is not the case: oxygen 
reacts with a sulfide primarily to form SOs, thus, 
Zn** S*- + 60. — (1 — 6) Zn®+ S*--5Zn® + 58O.. 
(IV) 
The oxygen therefore acts as a reducing agent for 
the sulfide’. As it is known, however, that heating 
of ZiS with oxygen finally leads to stoichiometric 


Zn), »pparently equation (IV) does not deseribe 

the entire process, but only the initial phase of it. 

This initial phase predominates as long as the 

CON ation of the excess zine and the pressure 

er example of the reducing effect of oxygen on a 

sult ven by PbS, the treatment of which with oxygen 
eaus 


oichiometrie excess of lead (11). 





ZINC SULFIDE PHOSPHORS 145 


of the SO. evolved is not too high. With an increase 
in the concentration of reduced ZnS and the pres- 
sure of SO., the rate of the reducing reactions (IV) 
is decreased while the rate of an oxidizing reaction 
similar to (IL) is increased‘, 

, 


ZnS” -sZn° + 4 O. 


= j 


— ZnS-(6 — 8’)Zn’ + &’ZnO. (V) 


Eventually reaction (V) must occur together with 
(IV); but, as long as ZnS is present, (V) will never 
overtake (IV). Therefore the solid will always re- 
main reduced. The ZnO formed in reaction (V) may 
partly or totally dissolve in the ZnS phase, leading 
to 


Zn** (Sq_s’) QO;-)* re (6 —_ 6’) Zn’. 


Effects similar to those discussed so far for the treat- 
ment of a sulfide with oxygen will also oceur upon 
reaction of a sulfide with an oxide; for instance 
ZnS with ZnO, 


e+e? 25 242 
Zin Ss” + (F oo r) Zn Or 


(1 - Sans a-z) O; -6Zn° + 28 »- (VI) 


Incidentally it may be emphasized that the same 
reaction makes Se or sulfides a reducing agent for 
ZnO. Therefore equation (VI) may be extended to 
cover the entire composition range, indicating the 
formation of reduced solid solutions both at the ZnS 
side and at the ZnO side of the system; 


ZnS” + Zn**O*” => Zn**(S, O)” -6Zn” 


+ Zn°*(O, 8) -yZn° + ‘ 7 7 S0,. (VIT) 
As long as both sulfur and oxygen ions are present 
in the solid, each phase must remain reduced®. Only 
when one of them has disappeared, as may happen 
after a prolonged treatment with S. or Os, will it be 
possible to obtain the stoichiometric compounds ZnS 
or ZnO. 

So far we have discussed only the principles of 
reductions and of the formation of solid solutions, 
separately or in combination. In the past the extent 
to which these effects occur and their importance 
to the optical field have not always been clear. For 
example, the assumption that the shifting of the po- 
sition of the fluorescence bands is due. to a reduction 


‘ For ZnS heated in an open crucible, the SO. pressure is 
determined by the partial pressure of the SO. remaining 
between the particles of the powder. 

5 This conclusion holds quite generally, independent of 
whether that state in which both S* and O* ionsare present 
is reached by reactions of type (VII) or of type (V). 
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of the sulfide seems to find support in the observa- 
tions by Rothschild (3), who found that preparation 
in the presence of zine dust affected the properties 
of the phosphors in the same way as preparation 
with addition of ZnO. Sulfur, on the other hand, 
which of course must be expected to have an oxi- 
dizing influence on the sulfide, suppressed the effects 
of both agents. This, however, is not convincing; 
in the first place zine dust always contains a con- 
siderable amount of oxide. Furthermore, the ZnS 
used almost certainly contained some ZnO or 
Zn(OH). (4). Either of these is transformed into 
ZnS when the preparation is carried out with addi- 
tion of sulfur but remains unchanged upon firing 
with zine dust. 

In the present paper we shall try to find the ex- 
planation for the effect of oxygen in the various 
cases. To this end we shall investigate the influence 
of oxygen on pure ZnS, on activated ZnS made 
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Fic. 1. Speetral distribution of the reflection at room 
temperature of mixtures of (100-7)ZnS + rZnO after firing 
for one hour at 1200°C in an atmosphere of N», He, or HS. 
The figures on the curves refer to the value of x. 


without fluxes, and on activated ZnS made with 
fluxes. 


EXPERIMENTAL PROCEDURES AND RESULTS 
ZnS-ZnO 


Intimate mixtures of ZnS and ZnO containing 
these substances in various proportions were heated 
at 1200°C, a temperature which is sufficiently high 
to guarantee crystallization without addition of 
fluxes. The samples were placed in narrow quartz 
tubes and nitrogen was used as a protecting atmos- 
phere. The ZnS used was made by precipitation 
with H.S from a purified aqueous solution of ZnSO,. 
The ZnO was a commercial product, Analar (analy- 
tical reagent grade), made by Hopkins and Williams 
Ltd., England. The properties of the fired product 
depend on its composition. At the ZnS side of the 
binary system the products are white. Pure ZnO 
is equally white. Mixtures of ZnO-ZnS rich in ZnO 
are greenish y>llow. 
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Absorption characteristics of the samples were 
determined by means of reflection measurements 
(Fig. 1). ns fired in N. shows an absorption edge 
at 3400 A. Products made with addition of | mole 
per cent ZnO show an edge at 3500 A. As Zus 
normally contains some ZnO it must be expected 
that the value found for ZnS fired in Ng is not the 
one characteristic of pure ZnS. ZnS fired in HS 
and thus transformed into really pure ZnS actually 
shows an edge at a slightly shorter wavelength 
viz., 3350 A. While samples containing more thay 
2 mole per cent ZnO show indications of an edge 
at 3500 A, a new edge appears near 3900 A. The 
position of this edge shifts slightly toward longer 
wavelengths with increasing ZnO content up to 4000 
A at 99 mole per cent ZnO. From 99 to 100 mole 
per cent ZnO the edge recedes to 3850 A. the value 
for pure ZnO (12, 13). These results indicate thai 
we have two phases: a ZnS phase and a ZnO phase 
the former with edges at 3350 and 3500 A, and the 
latter with edges at 3850 and 4000 A. X-ray analysis 
supports this view. Pure ZnS and samples of 99Zps- 
1ZnO show the diffraction lines of ZnS; pure Za0) 
and 99ZnO-1ZnS show the lines of ZnO. Products oi 
intermediate composition show the diffraction pat- 
terns of ZnS and ZnO superimposed. 

A precise determination of the lattice dimensions 
was carried out by L. J. M. van Weert in this lab- 
oratory, using the back-reflection technique. Thy 
results are summarized in Table I. The lattice dim 
ensions of pure ZnS and ZnO depend slightly on th 
material used, probably due to minute quantities 
of contaminations present in varying amounts (Zn. 
batches A and B). For a given batch of Zns, the 
addition of ZnO causes the unit cell to contract 
Addition of ZnS to ZnO, on the other hand, causes 
the ZnO cell to expand. Such effects are to be ev- 
pected when solid solutions of ZnS-ZnO are formed 
Reduction leading to an excess of zine above the 
stoichiometric composition should, however, caus 
an increase in the lattice dimensions for both cases 
(14). 

If we assume that solid solutions of ZnS-Zn0 are 
formed, their composition can be calculated by «p- 
plying Vegard’s law. In Table I the values calculated 
from the a and ¢ axes are given separately, togethe! 
with their average. It is found that ZnS dissolves 
approximately | mole per cent ZnO, while ZnO dis 
solves about 0.3 mole per cent ZnS. These values 
are in good agreement with those found from the 
composition at which the diffraction lines of the Z0" 
and ZnS phases begin to appear together (Table |. 
third column) or from the composition at. which the 
long wavelength edges attributed to the Zn0 pha 
begin to appear (Fig. 1). 


In order to decide whether the variation in the 
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absorption spectrum accompanying the incorpora- 
tion of ZnO in ZnS and of ZnS in ZnO is directly 
due to the formation of solid solutions of ZnS-ZnO, 
or to an additional reduction according to the reac- 
tions described in the introduction, we submitted 
pure Zns and ZnO to a strong reducing influence by 
heating at 1200°C in hydrogen. ZnS does not change 
its reflection. ZnO becomes slightly yellowish; its 
reflection curve shows a slight decrease in the long- 
wave region, but the position of the edge remains 
unchanged (Fig. 1). Therefore it must be concluded 
that the variations in the absorption spectrum, when 


PHOSPHORS 147 


also investigated for luminescence upon excitation 
by \ = 2537 A. Pure ZnS, heated either in H.S 
or Hoe, is nonluminescent at room temperature but 
shows an ultraviolet fluorescence with a maximum 
at 3360 A at —180°C. This is the band long recog- 
nized as the fundamental fluorescence of ZnS (16). 
Products containing small amounts of ZnO (e.g., 1 
mole per cent) are usually also nonluminescent at room 
temperature: at liquid air temperature they show a 
band with a maximum at 3640 A; ice., immediately 
next to the new absorption edge at 3500 A (Fig. 2). 
Some samples of ZnS — | mole per cent ZnO show 


TABLE LI. Lattice constants of the ZnS and ZnO phases in the system ZnS-ZnO, and the limits of mutual solubility of ZaS and 
ZnO at 1200°C 


Composition of starting material Conditions of firing 


ZuS(bateh A) 0.5 hr,1200 


( 
ZnS(bateh A) 0.5 hr,1200°C No 
99 ZnS(bateh A) + 1 ZnO 0.5 hr,1200°C \N» 
98 ZnS(bateh A) + 2 ZnO 0.5 hr,1200°C N» 
95 ZnS(bateh A) + 5 ZnO 0.5 hr,1200°C Ne 
ZnS(batch B) 0.5 hr.1200°C .H.S 
ZnS(batch B) 0.5 hr,1200°C SO.+0 


ZnO 0.5 hr,1200°C 
ZnO 0.5 hr,1200°C 
99 ZnO + 1 ZnS 0.5 hr,1200°C 

98 ZnO + 2 ZnS 0.5 hr,1200°C, 
95 ZnO + 5 ZnS 0.5 hr,1200°C 
( 


0) ZnO + 10 ZnS 0.5 hr,1200°C NN» 


passing from ZnS to ZnS — 1 mole per cent ZnO 
and from ZnO to ZnO — 0.3 mole per cent ZnS, 


are due to the incorporation of oxygen or sulfur and 
not to excess zine caused by reducing effects. 
These results may seem to contradict those ob- 
tained with ZnO by Mollwo and Stéckmann (15), 
who found a displacement of the absorption edge 
upon reduction. These authors, however, prepared 
their samples by burning zine in a flame, and under 
these conditions the excess of zine was extremely 
large (~0.5 mole per cent). Reheating at a high 
temperature (1000°C) caused the edge to shift back 
to its normal position, and the authors attributed 
this effect to the evaporation of the excess of zinc’. 
As our experiments were carried out at a higher 
lemperature, extra zine possibly formed must have 
evaporated to a still greater extent, and accordingly 


there was no appreciable deviation from stoichiom- 
etry. Che long-wave tail in the absorption spec- 
trum indicates, however, that a trace of zine in excess 


Was present in the lattice. 
Che products of the binary system ZnS-ZnO were 


(14) observed the same for CdO. 


= . . Composition of the main 
Unit cell dimensions pos , ama 


Plinses choseved of the main phase phase al ig —_ solubility 

in % 
a c (x)a (*)e 

ZnS 3.8233 | 6.2668 0 0 

Zns 3.8263 6.2625 | —0.5 (!) 0.4 

ZnS 3.8180 6.2516 0.92 1.43 

ZnS8+ ZnO 3.8183 6.2514 0.88 1.45 ; 

Zn8S+ ZnO 3.8172 6.2503 1.06 1.55 

ZnS 3.8240 6.2612 0 0 

Zns 3.8189 6.2485 0.89 1.0 

ZnO 3.2496 5.2063 100 100 

ZnO 3.2496 | 5.2057 | 100 100 

ZnO 3.2514 5.2096 | 99.69 99.66 | 

ZnO+ ZnS 3.2513 5.2090 | 99.71 99.71 ly 3 

ZnO+ ZnS 3.2514 | 5.2094 99 .69 99.68 | ce 

ZnO0+Zn8 3.2514 5.2089 99.69 99.73 | | 








—e,™ 


Fluorescence at - 190°C 
a ZnS 
b ZnS-Imol %Zn0 











4 | | 
3500 000 = jn $500 





Fig. 2. Spectral distribution of the low-temperature 
fluorescence of (a) ZnS heated for one-half hour at 1200° 
C in HS, and (b) of ZnS-1 mole per cent ZnO heated for 
one-half hour at 1200°C in No. 


a weak blue luminescence at room temperature in a 
band with a maximum at 4550 A. Apparently this is 
the band of self-activated ZnS. As this band is ex- 
tremely weak and does not appear in all cases we are 
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not quite certain whether it is caused by contamina- 
tion with halogen ions or trivalent cations, or 
whether it is truly promoted by the ZnO’. Products 
of ZnO — | mole per cent ZnS show a moderately 
strong green fluorescence in a broad band with a 
maximum at 5050 A. Under the conditions of the 
experiment sulfide-free ZnO does not show this green 
luminescence but only the ultraviolet fundamental 
fluorescence of ZnO with a peak at 3880 A (16). 
ZnO, heated in Hy at 1200°C, however, is strongly 
fluorescent in a green band with a peak at 5050 A, 
exactly identical with the band found with ZnO- 
ZnS. This is the band generally attributed to a stoi- 
chiometric excess of zinc; apparently the small con- 
centration of extra zine causing the weak long-wave 
absorption mentioned above is sufficient to account 
for the strong green luminescence shown by this 
sample. 

The fact that ZnO fired in N» does not show the 
green fluorescence, while ZnO + ZnS fired under the 
same conditions does show it, indicates that the 
presence of the sulfide favors reduction, probably 
by the reaction described in the introduction. Thom- 
sen (17) has observed the same effect, but this author 
interprets it in a different way, ascribing the green 
luminescence to sulfur incorporated in the ZnO. 
Although we have seen that ZnO actually dissolves 
some ZnS under these conditions, this cannot ex- 
plain the green luminescence, for precisely the same 
green luminescence appears in partially reduced ZnO 
prepared by oxidation of spectroscopically pure zine 
metal which is definitely free of sulfur. 

Solid solutions of ZnS-ZnO can also be made by 
heating ZnS in an atmosphere containing oxygen 
(Os, air, SO. + O-.)* or by heating ZnO in a sulfuriz- 
ing atmosphere (H.S, Se, Ne + CS.). All properties 
of samples obtained in this way proved to be the 
same as those of samples of a corresponding com- 
position prepared in the manner first described. 


Activated ZnS Prepared without Fluxes 


Oxygen-free ZnS was made by heating precipi- 
tated ZnS for one hour at 1100°C in a current of 
HS. Starting from this,material, oxygen-free phos- 
phors containing Ag, C4, or Au were made by add- 
ing aqueous solutions of Ag(NO;), Cu(NOs)s, or 


7 In a recent paper, Bube (33) describes the appearance 
of the blue band of self-activated ZnS for products fired at 
a high temperature without fluxes. It is stated that the 
samples are entirely free of halogen ions. It would be of 
interest to know whether they are also free of trivalent 
cations. In any case it is fairly certain that the products 
did contain oxygen, as is indicated by the glow curves of 
ZnS8-Cu, prepared in the same way, which reveal the high 
temperature glow peak characteristic of oxygen. 

* Contrary to what is reported in the literature (18, 4), 
pure SO. does not transform ZnS into ZnO. Whenever this 


reaction occurs it is due to traces of O» or SOs. 





AuCl; in normal concentrations (~10~° gram atom 
per mole ZnS), drying, and heating for ono-hal 
hour at 1100°-1300°C in an atmosphere of 1. 0, 
HS + HCl. Luminophors containing oxygen were 
made from similar mixtures containing 1 mole per 
cent of ZnO. In this case the firing was carried oy 
in nitrogen. The luminescence properties were jp. 
vestigated upon excitation by \ = 3650 A. 

All oxygen-free products fired in H.S were found 
to be nonluminescent. Oxygen-free products fired 
in H.S-HCl are strongly luminescent in the bands 
characteristic of the activators, as previously found 
(5, 7, 8). 

Products containing oxygen and fired in N» show 
a weak luminescence in bands characteristic of the 
activators. The spectral distributions of the lumi- 
nescence are similar to those of the oxide-free phos. 
phors, but all bands are shifted over ~150 A toward 
longer wavelengths. The direction of the shift js 
the same as observed by Rothschild (3) and Smith 
(4), but the magnitude of the shift is even greater 

Table Il gives a survey of the maxima of the 
fluorescence bands of the various products. The 
table also includes figures for the blue band of self. 
activated ZnS. For the case of silver as activator, 
the reflectivity was also measured and compared 
with that of corresponding products without silver 
The results are shown in Fig. 3. The difference in th 
position of the absorption edge for products with 
and without ZnO is of the same order as the differ- 
ence between the maxima of the fluorescence bands 
The activated products show next to the funda- 
mental bands a long-wave absorption band extend 
ing from 3500 to 4000 A. This band is due to tl 
centers of luminescence (5): it is extremely weak 
for nonfluorescent samples prepared by firing 
H.S (curve c); it is somewhat stronger in the weak! 
luminescent ZnS — 1 mole per cent ZnO-Ag (curv 
d), and has maximum strength in the strongly lum- 
nescent ZnS-Ag (Cl) (eurve e). This proves thal 
the concentration of centers in ZnS — 1 mole pet 
cent ZnO-Ag is much lower than that in Zns-A¢ 
(Cl), as is also indicated by the difference in tl 
intensity of the fluorescence. Obviously in the fo! 
mer product only a fraction of the silver added » 
incorporated in the proper way to form a cenie! 
Therefore, although oxygen promotes the formato! 
of centers, it does so to a much smaller extent tha! 
halogens. 

With copper-activated phosphors prepared in this 
way the results are similar. In this case the situs 
tion is complicated, however, by fhe appearance °! 
two copper bands, one in the green and one in the 
blue. Just as has been found for phosphors prepa! 
in the presence of halogen or trivalent cations (3, 4 
8, 9), the green band appears at relatively low, 4 
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lue band at relatively high, concentrations. 





The concentration at which the color changes over, 
however, is different for the various cases, and 

much lower for ZnS — 1 mole per cent ZnO-Cu 
than for ZnS-Cu prepared in H.S-HCI. 








onst! ited in Fig. 
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and fluores- 
cence of ZnS and ZnS-Ag made under v arious conditions. 


The fluorescence was excited by \ = 3650 A. All measure- 
ments 


Fic. 3. Spectral distribution of reflection 







vere carried out at room temperatures. a) ZnS fired 
lor } hr at 1200°C in H.S; b) ZnS — 1 mole per cent ZnO 
fired for } hr at 1200°C in Ne; c) ZnS — 5 -10°-*Ag fired for 
> hr at 1200°C in H.S; d) ZnS — 1 mole per cent ZnO - 












d+ 10°° Ag fired for thr at 1200°C in No; e) ZnS 5-10°5 
\g ¢ per cent NaCl) fired for 4 hr at 1200°C in No; 
1) Zns | mole per cent ZnO — 5-10 Ag (+2 per cent 







Nat red for 4 hr at 1200°C in Ne. 
is plotted against the copper content®. In order to 
pr ‘omplications due to energy transfer from 











neasurements have not been extended to the 
rit 
= low copper concentrations at which the blue 
due to self-activation becomes predominant 























ZINC SULFIDE 


This is dem- 
{ where the ratio Ro = I preontTbiuc 


TABLE 


Temperature and atmosphere 
of preparation 


Zs 1100 = =7OHLS—30HCI] 4455 


ZnS-5.10°*Ag 1200 =90H.S 


No+HCl 5260 
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blue to green centers, the curve is based on meas- 
urements of the spectral distributions carried out at 
— 190°C. 

For ZnS-Cu made by firing in H.S-HCl it has 


been shown (8) 
green Cut 


that the proportion between the 
and the blue Cuz centers is governed 
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Fic. 4. Ratio R between the green and blue sub-bands of 
ZnS8-Cu containing various amounts of copper and prepared 
in different ways. 


by an equilibrium which is determined by two fac- 
tors: the stabilization of Cut in the lattice by the 
simultaneous incorporation of Cl- (compensation of 
to Cus. The first 
factor favors the green centers. the second the blue. 


In ZnS-ZnO-Cu the first function is taken over by 


charge) and the reduction of Cu* 


the oxide; but, as we have seen for the case of ZnS- 
ZnO-Ag, only to a small extent. On the other hand, 
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a reducing influence is exerted by reactions between 
sulfide and oxide of the type described in the intro- 
duction; for this case they may be 


Cus + 2Cu.0 — 3CusS 4+ SOsn. 


The weakness of the stabilization, together with this 
reduction of the copper, tends to decrease the con- 
centration at which copper is still present predom- 
inantly as green centers. 


Activated Systems Prepared with Halide Fluxes 


The influence of ZnO on phosphors made with 
halide fluxes was investigated by comparing phos- 
phors made with and without addition of 1 mole 
per cent ZnO. The fluxes were added in a concen- 
tration of 2 per cent, and the firing was carried out 
at 1200°C for one-half hour. 

For silver-activated products made with NaCl 
or CaCl, as flux, the intensity of the fluorescence is 
not markedly affected by the presence of ZnO. The 
maximum of the fluorescence of the products with- 
out oxygen is situated at the same position as for 
products made in H.S-HCl1; the maximum for prod- 
ucts containing ZnO, however, is situated ~100 A 
toward longer wavelengths, i.e., intermediate be- 
tween that of the oxygen-free samples and of the 
samples made with ZnO but without fluxes (Fig. 3). 
For copper-activated products similar shifts of the 
position of the sub-bands are observed. Apart from 
this, the proportion between the green and blue 
copper bands is strongly dependent on the flux 
used and on the presence of ZnO. With NaCl, for 
instance, the fluorescence is predominantly green 
at extremely low copper concentrations, but at me- 
dium concentrations the fluorescence turns blue. The 
same is the case for products made without NaCl 
but with addition of ZnO. Simultaneous addition 
of NaCl and ZnO, however, shifts the green-blue 
cross-over point to much higher concentrations (Fig. 
1). CaCl, causes green to occur up to much higher 
concentrations, and addition of ZnO has hardly any 
effect in this case. These results show that Grillot, 
et al. (6), were wrong in concluding that the green 
blue ratio is not dependent on the copper concen- 
tration. There evidently is such a dependence, just 
as for all other ways in which copper phosphors may 
be prepared. The differences between the various 
methods of preparation are of a quantitative rather 
than a qualitative nature. 

The explanation of these differences and of the 
effect of ZnO must involve at least the following 
factors: 

|. The stabilization of monovalent copper in the 
lattice by the simultaneous incorporation of chlorine 


ions. This requires a reaction between the copper 
compound added and the flux, and therefore at 
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least part of the differences between the various 
fluxes may be attributed to differences in the free 
energy of this reaction. 

2. The distribution of the activator over the solid 
ZnS phase and the molten flux. 

3. The distribution of ZnO over these two phases 
possibly resulting in an influence on the distribution 
of the activator (19). 

4. Reduction due to a reaction between sulfide 
and oxide leading to the formation of SO>. 

An exact treatment, however, is extremely diffi- 
cult and is not attempted here. 


Thermoluminescence 


Samples prepared with addition of ZnO show a 
much stronger and longer phosphorescence than 
those made without oxygen. Glow curves of samples 
activated by Ag, Cu, or Au were obtained, after 
excitation by \ = 3650 A at liquid air temperature, 
upon heating the sample at a rate of 2° per second. 
The luminescence of the silver-activated phosphor 
was measured through a blue filter (Schott BG 12), 
and that of the green copper and gold bands through 
a yellow filter (Schott OG 5). The samples made with 
CaCl, as a flux, but without ZnO, have a single glow 
peak below room temperature, with a maximum 
at —80°C. ZnS-Cu and ZnS-Au made with or with- 
out a chloride flux, but with addition of 1 mole pe: 
cent ZnO, show three peaks, viz., at — 100°, —25° to 
—50°, and +52°C. The peak above room tempera- 
ture is responsible for the strong phosphorescence 
at room temperature. ZnS-ZnO-Ag(Cl) shows only 
the two lower peaks. 

The identity of the high temperature glow peak 
found with Au and Cu proves that the traps respon- 
sible for it cannot be characteristic of copper alone 
(2). It might be, of course, that Cu and Au caus 
exactly identical traps, but this is not very probable 
considering that the centers of luminescence formed 
by these ions are not identical. It seems preferabl 
to assume that the traps are formed by the oxyge! 
itself. 

The appearance of the high-temperature glow peak 
with Cu and Au, but the absence of this peak with 
Ag, can then be explained on the basis of the Sehon- 
Klasens theory of hole migration (20, 21). According 
to this theory, it is assumed that holes formed in the 
center levels may be freed from these levels into the 
full band above a certain critical temperature de- 
termined by the separation between the center leve! 
and the band. Once the hole is liberated it may move 
to killer centers always present in the lattice and 
may recombine there, without radiation, with a! 
electron from the conduction band [or from the 
killer center itself (22, 23)|. For Cu and Au the 
separation between the center level and the ful 











olid 


ASES 


tion 
lfide 


liffi- 


sphor 
; 12), 
ough 
with 
glow 
mum 
with- 
le pe! 
25° to 
ipera- 
cence 


only 


peak 
ASpoll- 
alone 
CauUM 
obabl 
ormed 
erable 


yxygel 


w peak 
k with 
Sehon- 
sording 
| in the 
nto the 
ure de- 
er level 
V move 
ce and 


vith an 


om the 
Au the 
ne full 





Vol. 99, No. 4 


band is so great that the temperature at which 
holes are liberated lies above that at which the 
electrons are liberated from the oxygen traps, and 
accordingly these electrons combining with the holes 
in the luminescence centers give rise to luminescence. 
For Ag, however, the reverse is the case; before the 
electrons are free, the holes have moved from the 
activator centers to the killer centers, and most of 
the light is lost. The weak phosphorescence still 
observed is due to a small fraction of holes which 
have not yet been liberated or which have been re- 
trapped at luminescence centers in the course of the 
process. A more elaborate account of the glow prop- 
erties of ZnS phosphors, including a direct proof of 
the existence of deep oxygen traps in ZnS-xZnO-Ag, 
will be given by Hoogenstraaten of this laboratory. 
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Fic. 5. Band model of an oxide-free activated ZnS phos- 
phor (ZnS-A). 


DiscussION 
Fluorescence and Absorption 


The fluorescence and absorption of sulfide phos- 
phors is usually discussed with the aid of an orbital 
energy diagram in which the energy of the various 
levels is defined by the energy necessary to take 
an electron from a particular orbit out of the crystal 
and bring it to a point infinitely far away (21). 
Such a scheme is shown in Fig. 5. If it is assumed 
that zine sulfide is built up of divalent ions (which 
does not quite correspond to reality, but which 
offers an easy approach), then the full band must 
be attributed to sulfur ions (S*- band), the empty 
band to zine ions (Zn*+ band), while the center levels 
are due to sulfur perturbed by the presence of a 
monovalent activator ion (Ag+, Cut, Aut, Zn*) 
at an adjacent site (9)'® ". Fluorescence and ab- 
sorption correspond to transitions between the full 
and empty levels. Transitions a and b correspond to 
the fundamental absorption of ZnS and to the ab- 
sorption of an activator center, while the reverse 
transitions a’ and b’ correspond to the fundamental 


the figures the symbols inside parentheses indicate 
ion Occupying a site next to the anion to which the 
levi re attributed. 

ogens and trivalent cations aid in the incorporation 
ctivator according to the principle of charge con- 
per 1, but they do not belong to the centers (9). 


the « 
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fluorescence and to the activator fluorescence, re- 
spectively. 

Formation of solid solutions causes a variation 
of the spectra for two reasons: in the first place the 
relative positions of various levels on the energy 
scale vary because of variations in the unit-cell 
dimensions; in the second place the incorporated 
ions have specific effects. The first influence is such 
that expansion of the lattice causes a decrease of the 
separation between levels of positive and negative 
ions, due to a decrease of the electrostatic interaction. 
Accordingly, the fluorescence and absorption bands 
shift toward the long-wave side. 

In the case of ZnS-ZnO the incorporation of | 
mole per cent ZnO in ZnS causes a slight contraction 
of the ZnS lattice, which should result in a shift of 
the absorption edge towards shorter wavelength sim- 
ilar to what is found upon cooling. However, a varia- 
tion in the opposite direction is observed. Moreover, 
the magnitude of the effect is greater than would be 
expected for the slight variation of the cell dimen- 
sions actually observed [compare, for instance, with 
the shift of the absorption edge of CdS upon com- 
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Fic. 6. Band model of a solid solution of ZnS-ZnO 


pression (24)|. Therefore the effect must be due to 
a specific influence of the oxygen. The simplest way 
to explain this effect is to assume that oxygen gives 
rise to separate 0? levels above the S?~ band (Fig. 
6). The separation between the O?- levels and the 
full band, as found from the difference between the 
position of the absorption edges of ZnS and ZnS — 
1 mole per cent ZnO, amounts to ~0.1 ev. This 
separation is much smaller than the difference be- 
tween the energies gained in taking an electron 
from free 0? (8.93 ev) and free S?- (7 ev). This is 
because of the fact that in the lattice the surround- 
ing ions exert a stronger repulsion on the large 
S*- than on the smaller O?~ ions. 

The oxygen levels have a meaning only at the 
sites at which the oxygen is present. The sulfur 
band, on the other hand, has no meaning at such 
sites. In Fig. 6 this has been indicated by interrupt- 
ing the full band at the points at which the oxygen 
levels are drawn. In this model the normal ZnS 
absorption band with an edge at 3350 A corresponds 
to transition a, the absorption band of ZnS-ZnO 
with an edge at 3500 A corresponding to transition 








b. The low-temperature fluorescence bands observed 
with ZnS and ZnS-ZnO (Fig. 2) correspond to the 
reverse transitions (a’ and 6’), though of course 
with a correction according to the Franck-Condon 
principle. The same argument leading to separate 
©*~ levels in the case of ZnS-xZnO leads to the as- 
sumption of separate S*- levels in ZnO-xZnS. In 
this case the repulsion of the large S*~ ions is so 
great that the S*~ levels are situated even above the 
O?~ band. 


For ZnS — 1 mole per cent ZnO containing an 
activator A = Agt, Cut, or Aut, two kinds of 


center levels are to be expected, viz., levels S* 
(A*) and levels O?~ (A+) due, respectively, to sulfur 
and oxygen ions next to the activator ions (Fig. 7). 
As the concentration of sulfur far exceeds that of 
oxygen, a random distribution of O?- and A would 
result in far more levels of the first than of the sec- 
ond kind. Yet experiment shows that the fluores- 
cence of ZnS — | mole per cent ZnO — A is mainly 
due to radiation from O?- (A+) centers. Self-absorp- 
tion does not suffice to explain this effect; although 
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Fic. 7. Band model of an activated solid solution of 
ZnS-ZnO-A. 


the absorption band of O?~ (A+) centers partly covers 
the wavelength range of the S* (A+) fluorescence 
band, it seems unlikely that reabsorption would be 
sufficiently strong to suppress the short-wave band 
to the extent observed. As the maximum of the 
spectral distributions is-not markedly changed by 
cooling to liquid air temperature, the effect cannot 
be due to migration of holes from S*~ (A*) to the 
(?~ (A*) levels, followed by recombination of elec- 
trons and holes in the latter. Therefore the only 
possibility left seems to be to assume that the activa- 
tor and oxygen ions are not distributed at random 
but tend to associate with each other, as was simil- 
arly found for Sm** and O*- in CaS-CaO-Sm and 
SrS-SrO-Sm (25). The differences in the peak 

'2 In the same way Cr** seems to associate with Be** in 
Al,O;-BeO (26). 

18 In the case of the unactivated sulfide containing ZnO, 
the fluorescence is likewise characteristic of the new levels 
introduced by the oxygen (Fig. 2). This obviously cannot 
be explained by association effects. Here, however, self- 
absorption is much stronger than in the case of the activated 


sulfide. This is because all of the O? ions (1 mole per cent) 
. 
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position of the luminescence bands for pro: \ycts 
containing ZnO and made with and without {\yxe 
(Fig. 3, Table Il) may be explained by an unequal 
distribution of oxygen over the sample. 

When an activated ZnS phosphor is made with 
addition of ZnO but without halide fluxes, the flyo. 
rescence originates only from those parts of thesample 
where oxygen is present and the fluorescence jg 
mainty in the 0? (A) band. When a halide flyx 
like NaCl is present, however, the activator ea 
also be incorporated at parts where ZnO is not pres. 
ent or is present in a smaller concentration. There- 
fore a sample of ZnS-xZnO-A(NaCl) contains both 
S*- (A) and O* (A) levels and accordingly the 
fluorescence is a superposition of the displaced and 
the undisplaced activator bands. This explains the 
intermediate position of the bands observed in these 


cases. 
The Principle of Compensation of Volume 


The presence of oxygen-activator pairs in a con- 
centration exceeding that corresponding to a random 
distribution requires an attraction between oxygen 
and the activator. This attraction probably results 
from the fact that while the monovalent activator 
ions are without exception larger than the divalent 
zine ions forming the lattice, the oxygen ions are 
smaller than the sulfur ions. When the activato: 
and oxygen ions are incorporated far from each 
other, the total stress in the system is roughly th 
sum of the stresses due to the separate ions. Upo 
incorporation at adjacent sites, however, the volum 
deficiency of oxygen is partly compensated by thi 
volume excess of the activator leading to a smalle: 
stress and consequently to a smaller free energy 

This explains at the same time how oxygen ca! 
promote the formation of luminescence centers 1) 
ZnS. Because of the large size of the activator ions 
and the complications accompanying the incorpora 
tion of monovalent cations, the solubility of the 
sulfide of the activator in ZnS is exceedingly low, 
unless special provisions of some sort are mae 
One of these, according to the principle of charg 
compensation, consists in the simuitaneous incor 
poration of monovalent anions (halogens) or tr 
valent cations. Another, according to what may !» 
called the principle of volume compensation, Col 
sists in the simultaneous incorporation of the small 


may take part in the absorption whereas with the activate’ 
sulfide the maximum amount of O? ions which can 
involved in a self-absorption process is equal to the activ 
tor concentration (0.01 mole per cent). It seems quite likely, 
then, that the absorption bands connected with this larg" 
amount of oxygen ean absorb the short-wave ZnS bunds ' 
an important extent and thus account for their suppress!" 
in Fig. 2. 
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ox. ven ions at sites adjacent to the activator ions. 
(Comparing the intensity of luminescence of phos- 
phors made by applying these two principles sepa- 


rately, one sees that the former is by far the more 
eff etive. Nevertheless, compensation of volume 
alone increases the solubility of the activator suffi- 
ciently to cause a detectable luminescence. In this 
case, since neutrality of the crystal must be main- 
tained, incorporation of the monovalent activator 
must be accompanied by the formation of sulfur 
vacancies or one half of the activator ions must 
occupy interstitial sites. An attempt to prove these 
views directly by determining the solubility of the 
activator in ZnS has failed because of the small 
concentrations involved and the difficulty of sepa- 
rating the dissolved from the adhering activator. 

If a phosphor has been excited, it contains elec- 
trons in the conduction band. In the model assumed 
by us (Fig. 5), the conduction band is a Zn* band; 
for each excited electron one Zn** ion is trans- 
formed into a Zn* ion. These Zn* ions are larger 
than Zn®*, their size being of the same order as that 
of Cut. But we have seen above that, if oxygen 
is present, ions larger than Zn?* tend to occupy posi- 
tions adjacent to it, forced to do so by the principle 
of volume compensation. Therefore we must expect 
In connection 
with the dual character of Zn* (it represents a 
monovalent zine ion as well as a free electron), 


that Zn* also associates with 0° 


this has the following implications for the conduc- 
tivity. In pure ZnS there is no reason why an excited 
electron should be on one particular Zn?* ion (trans- 
forming this into a Zn* ion) rather than on another. 
Therefore the electron may move freely through the 
lattice, jumping from one Zn?* to a neighboring one, 
and so on. When some of the S*~ is replaced by the 
smaller O?-, however, the electron tends to remain 
on a Zn?* next to O*-, as it is in this position that 
the large Zn*+ which it forms is incorporated with 
the leat repulsion from its neighbors. But this is 
just a different vay of saying that O?- forms an 
electron trap. On the other hand, we have seen 
that O® tends to associate itself with the activator 
ions. In this way the view that the glow peaks, 
found with phosphors containing oxygen are due 
to the oxygen itself, may be reconciled with the view 
that the traps essentially belong to the centers; 
the traps are actually oxygen traps but a number 
of them equal to the number of activator ions are 
situated near these ions. It will be these traps that 
are preferentially filled upon excitation. 


lhe same reason which favors the association of 


activators and oxygen in the case of ZnS prevents 

rding to an estimation by Stockar (34), the radius 

: Z 0.87 A, against Cut, 0.90 A, Ag*, 1.18 A; and Au‘, 
oO 
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the association of the activator and sulfur in the 
case of ZnO; the large activator ions and the large 
sulfur ions avoid each other. This explains why the 
Zn* band of ZnO-Zn is not in the least changed by 
the incorporation of sulfur ions, although both the 
variation in lattice constant and the concentration 
of foreign atoms is of the same order as in ZnS-xZnO. 

The principles of compensation of charge and 
volume are obviously not restricted to ZnS and ZnO 
phosphors. The former principle has been used in 
formulating semiconductors [Verwey (27), Wagner 
(28), Hauffe (29)], while Wells (30) has used it in 
explaining the favorable effect of Na and K on CaS- 
Bi and BaS-Bi phosphors. Compensation of volume, 
on the other hand, is the factor causing foreign 
ions to concentrate near dislocations in metals (31). 
It may also account for the favorable effect of O° 
on bismuth-activated sulfides of the alkaline earth 
group (28). It must be emphasized, however, that 
oxygen also affects the properties of SrS-Cu (32), 
although Cut is smaller than Sr*+, a result which 
seems to contradict the explanation suggested in 
this paper. 
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Zine-Magnesium Oxide and Zinc-Magnesium 


Sulfide Phosphors: 


Artuur L. SMITH 


Tube Department, Radio Corporation of America, Lancaster, Pennsylvania 


ABSTRACT 


Zinc-magnesium oxide phosphors were briefly investigated, and procedures developed 
for producing highly efficient phosphors containing no intentional additions of either 


activator or flux. 


True solid solutions of zine and magnesium sulfides exist up to at least 25 mole per cent 
magnesium sulfide. With silver or copper as an activating agent, a shift in luminescence 
to shorter wavelengths occurs as the magnesium sulfide content increases. With manga- 


nese activation, emission is not appreciably affected by the addition of magnesium 
sulfide. Efficiencies are good under both ultraviolet and electron excitation, and a long- 


duration phosphorescence can be obtained by electron excitation of the copper-activated 


materials. Lead, antimony, arsenic, and bismuth can also be utilized as activators to 


give efficient phosphors. 


INTRODUCTION 


The existence of solid solutions of zinc-magne- 
sium oxide has been known for some time (1, 2). 


The MgO erystallizes in the cubic lattice of the NaCl 


type; ZnO crystallizes in the hexagonal lattice of 
the ZnO type. Because the lattice structure of MgS 
is also of the NaCl type, and that of ZnS is either 
cubic or hexagonal, it seemed very probable that a 
solid solution should exist in the sulfide system as 
well as in the oxide system. 

This paper reports the work done to establish the 
existence of a system of zine-magnesium sulfide lu- 
minescent materials. Although the system has not 
yet been studied in complete detail, particularly 
in the region of MgS concentrations above 25 mole 
per cent, it is worthy of further study not only for 
its practical applications, but also for the clues it 
might furnish to such questions as the efficacy of 
activators in various bases [Bi, Pb, Sb (8, 4) and 
As are efficient activators in MgS and in (Zn, Mg)S 
but in ZnS alone they function weakly (5, 6) or 
not at all when compared with Ag, Cu, or Mn] 
and in the part which lattice dimensions might 
have in determining the emission for a particular 
activator. (Mg causes a contraction of the ZnS 
lattice and shifts emission toward the blue; Cd 
expands the lattice and shifts it toward the red. 
The reverse is true in the alkaline-earth infrared- 
sensitive phosphors (7-9) wherein lattice contrac- 
lions shift emission toward the red.) 


PREPARATION OF PHOSPHORS 


4, Mg)O.—Commercial zine oxide designated 
’., Dry Process” and luminescent-grade mag- 
script received January 11, 1952. This paper 


for delivery before the Washington Meeting, 
\pr 12, 1951. 


nesium oxide are used as reactants. The requisite 
proportions are mixed by dry rolling for 24 hours. 
Firing is done in apparatus and by procedures sim- 
ilar to those already reported (10). The reducing 
gas (either hydrogen or carbon monoxide) is puri- 
fied by passage through the usual reagents necessary 
to remove oxygen and water vapor. 

The firing temperature range found most suitable 
is b+ ween 940°-1000°C. Time of firing in the reduc- 
ing atmosphere is dependent on the gas used, being 
5 to 15 minutes in hydrogen, and 45 to 60 minutes 
in carbon monoxide. Some reduction occurs below 
this temperature range, hence, if the samples are 
introduced under reducing conditions into the fur- 
nace, variations will occur due to the different time 
“ach sample requires to reach temperature equi- 
librium. For this reason they are brought to tem- 
perature equilibrium in an inert atmosphere, such 
as nitrogen. When the proper temperature is reached, 
the reducing gas is then introduced. The reducing 
treatment is then followed by a mild oxidizing treat- 
ment in which 0.1 per cent to 0.3 per cent by volume 
of oxygen is introduced with the nitrogen for a period 
of 5 to 20 minutes. Highest ultraviolet emission 
under electron excitation is obtained when this oxi- 
dizing treatment is followed by one in pure nitrogen 
for a further 15-20 minutes. The reasons for this 
sequence of atmosphere firings are imperfectly un- 
derstood. All that is known is that if any is omitted, 
inferior phosphors result. 

(Zn, Mg)S.—The zine sulfide used is the lumi- 
nescent grade designated commercially by RCA as 
33-Z-19. Magnesium sulfide is introduced into the 
matrix in either of two ways, the simplest being the 
addition of previously-prepared magnesium sulfide 
obtained in luminescent grade from the Malline- 
krodt Chemical Company. The second method uti- 
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lizes the preparative procedure discovered by Sarge 
(11) and further perfected by Russo (12). In this 
method, magnesium ammonium chloride is added 
to the zine sulfide in such quantity that the proper 
Zn/Mg ratio is obtained after the requisite firing 
in hydrogen sulfide. This method is advantageous be- 
cause the chloride is not only a reactant but a flux as 
well. The product is then the finished phosphor and 
requires no subsequent washing or further treatment. 

Severe decomposition will occur if aqueous or al- 
coholic solutions are in contact with magnesium 
sulfide, hence dry methods of additions of activators 
and fluxes must be used. Uniform distribution of 
the very small amount of activator then becomes a 
problem. It can be successfully overcome if the ac- 
tivator is added to the flux which then serves as a 
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Fic. 1. Shift in wavelength of emission in visible region 
of (Zn, Mg)O phosphors with variation of MgO con- 
centration. 


dispersing medium. The activated flux is prepared 
by adding the requisite proportions of a soluble 
salt of the desired activator to the flux, dissolving 
them with a minimum of water, then evaporating to 
dryness at about 140°C. The resulting powder is 
then dry-rolled with the zine sulfide for 24 hours to 
mix the ingredients thoroughly. The ZnS-MgS mix- 
tures are fired at 980°C in purified nitrogen or in 
hydrogen sulfide if it is necessary to convert the 
magnesium chloride to sulfide. Some improvement 
in efficiency might be obtained if samples prepared 
in hydrogen sulfide are subsequently fired for one- 
half hour in sulfur dioxide (10). Time of firing is two 
to four hours for chloride conversion, or thirty min- 
utes for the ZnS-MgS mixtures alone. 

Method of measurement.—The phosphors were 
measured from the excited side by test techniques 
developed by Hardy and described in previous re- 
ports (13, 14). 
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RESULTS 


(Zn, Mg)O.—Fig. | indicates the shift in peak \aye- 
length of emission as the proportion of MgO in the 
phosphor is increased. The shape of the emission 
curve remains relatively unchanged as the shift to- 
ward shorter wavelengths occurs (Fig. 2). As jp 
zine oxide itself (15), an ultraviolet emission band 
is present. In this band, efficiency increases as the 
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Fig. 2. Peak emission characteristic of ZnO and (802 
20Mg)O phosphors. 





1000 cy 
900 
800 + —— 
700 }-- 


600 }+— 


RELATIVE EFFICIENCY OF ULTRAVIOLET EMISSION 








SSS. aaa 6 











10 20 30 50 
MgO CONCENTRATION — MOLE PER CENT 


b 
°o 


Fie. 3. Ultraviolet emission characteristic of (Zn, Mg)” 
phosphors of varying MgO concentrations. 


magnesium oxide content approaches 25 mole pe! 
cent, and again rapidly decreases after this poll! 
(Fig. 3). It has not been determined whether this 
increase in output is a result of a broadening of th 
band or an increase in the peak output, or whether 
the peak wavelength of the ultraviolet emission band 
shifts in the same manner as the visible outpu!. The 
peak efficiency of the visible band drops linear!) 
with increasing MgO content and is about *9 pe! 
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of the efficiency of pure zine oxide when the 
\ic) concentration is 25 mole per cent. 

ray diffraction analyses? show that true solid 
eolitions of zine and magnesium oxides occur at 
MeO concentrations up to 25 mole per cent. After 
this point, MgO begins to show as a distinct phase, 
and no further lattice contraction can be discerned. 
These analyses agree with the optical data which 
show that the shift in peak wavelength is very slight 
above 25 mole per cent (Fig. 1), at which point the 
ultraviolet emission is also at a maximum. 

Like ZnO (16), the zine-magnesium oxides appear 
to absorb their own emission in the ultraviolet re- 
gion, but not quite to the same degree. Also, like 
ZnO (17), the solid solutions may be activated by 
sulfide ion which increases the efficiency of the vis- 
ible band and at the same time decreases the effi- 
ciency of the ultraviolet emission band. A further 
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Fic. 4. Peak emission characteristic of ZnS and (90Zn> 
\0Mg)S phosphors with Ag activation. 


similarity to zine oxide (16, 18) can be found in the 
decay time, wherein the phosphorescence light level 
decreases to 30 per cent within 10~® see after the 
removal of the excitation source. 

Unlike zine oxide, for which the efficiency of the 
ultraviolet output depends to a considerable extent 
on the source of the oxide, these phosphors may be 
prepared with good efficiency from any good reagent 
grade of “dry-process” zinc oxide and luminescent 
grade of magnesium oxide. 

(Zn, Mg)S.—The zine magnesium sulfides were 
investigated chiefly in the region of magnesium sul- 
fide concentrations up to 25 mole per cent, although 
spot checks were made for other concentrations. 


X-ray diffraction analysis shows that true solid solu- 
hor cur when the MgS concentration is up to 20 

ction analyses done by A. D. Power, RCA, 
Har 


New Jersey. 
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mole per cent. When a sample of the composition 
having 80 mole per cent ZnS and 20 mole per cent 
MgS is treated with water, no detectable hydrogen 
sulfide is found, a strong proof that no free MgS 
is present. A 50 mole per cent composition is not 
stable in water. 

With either Ag or Cu activation, shifts toward 
shorter wavelengths are observed when increasing 


R “ ee ype 
amounts of magnesium are used, as shown in Fig. 


ft and 5. When MgS is added to mixtures of zine 


sulfide-cadmium sulfide, the net effect on the emis- 
sion characteristics is also a shift toward shorter 
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Fic. 5. Peak emission characteristic of ZnS and (90Zn, 
10Mg)S phosphors with Cu activation. 


TABLE I. Influence of MgS on (Zn, Cd)8:Cu 





Zn,CdS)/MgS mole ratio Peak wavelength (A) 
(42Zn, 57Cd)S/MgsS: 0.95/0.05 >7000 
0.9 /0.1 > 7000 
0.8 /0.2 6650 
0.7 /0.3 5820 
(86Zn, 14Cd)S/MgS: 0.95/0.05 5820 
0.9 /0,1 5600 
0.8 /0.2 1690 
0.7 /0.3 4620 


wavelengths. The magnesium sulfide apparently can- 
cels the influence of the added cadmium (Table I). 
In general, the system follows the pattern of ZnS 
itself; the addition of nickel in small quantities 
decreases long-term phosphorescence; the activator 
pairs Pb-Mn, Cu-Mn, and Cu-Pb give rise to infra- 
red-sensitive phosphors (5); copper gives rise to 
both a blue and a green band depending on concen- 
tration, the green band showing long-duration phos- 
phorescence; high efficiency is obtained under both 
ultraviolet and electron excitation; a blue-emitting 
phosphor is obtained by “‘self-activation.” 
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One major departure from the ZnS pattern is 
the long-duration phosphorescence induced by elec- 
tron excitation of the copper-activated samples. 
Another interesting difference is the activating in- 
fluence of lead, bismuth, arsenic, and antimony (Fig. 
6). These activators have a much more pronounced 
influence on samples having a high content of mag- 
nesium than they do on zine sulfide alone. These 
four activators function best when added in amounts 
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Fic. 6. Peak emission characteristic of ZnS:Ag, (90Zn, 
10Mg)S:Pb and (90Zn, 1OMg)S: Bi phosphors 


of about 0.01 weight per cent. The final concentra- 
tion of these activators in the base has not been 
determined, but it must be lower than that added, 
since condensates on the cooler portions of the tube 
contain high concentrations of the activator. Firing 
under pressure should help in this determination. 

Zinc-magnesium sulfide phosphors activated by 
Mn show an almost invariant emission curve, just 
as is the case with phosphors of zinc-cadmium sul- 
fides, at least up to the point where free MgS cannot 
yet be detected; beyond this point shifts occur, but 


these are probably due to MgS:Mn present 
mechanical mixture. 
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The Excitation Spectra of Various Silicate Phosphors' 


ALEXANDER J. Oszy? 


Sylvania Electric Products Inc., Bayside, Long Island, New York 


ABSTRACT 


A description is given of the excitation spectra of a number of silicate phosphors when 
irradiated by ultraviolet energy. Phosphors described are (a) manganese-activated zinc 


beryllium silicate, (b) lead- and manganese-activated calcium silicate, (c) barium silicate 
activated by lead, and (d) barium silicate activated by lead and modified by the substi- 
tution of magnesium. For the manganese-activated zine beryllium silicates, the change 
of the excitation spectrum with the lattice constant is noted. For a number of the other 
phosphors, it is shown that the excitation spectra for the visible and ultraviolet bands 
are not the same. It is concluded that the mechanisms involved for the excitation of the 


two bands are different. 


INTRODUCTION 


In the development of a phosphor theory, a knowl- 
edge of the excitation spectrum of a phosphor is 
useful in calculating an energy level diagram of the 
system. The excitation spectrum combined with the 
absorption spectrum allows one to determine what 
part of the energy goes into radiative transitions. 
From the practical standpoint, the excitation spec- 
trum can show whether further work would be profit- 
able in the development of a new phosphor. 


EXPERIMENTAL SETUP 


In order to determine the excitation spectrum of a 
phosphor, the setup shown in Fig. | is used. Energy 
from a Beckman hydrogen lamp is monochromatized 
by a Beekman spectrophotometer and allowed to 
irradiate the sample. The sample consists of a thin 
layer of phosphor on one side of a quartz plaque or 
microscope slide. The fluorescence of the sample is 
measured with a multiplier phototube (Type 931-A 
or Type 1P22) and galvanometer. An optical glass 
filter placed between the fluorescent sample and the 
multiplier phototube absorbs any undesirable radia- 
tion. Where the spectral emission of the phosphor 
contains two bands, say an ultraviolet and a visible 
emission band, the excitation spectrum may be de- 
termined for each band by interposing the proper 
filter between the screen and the multiplier photo- 
tube. Typical of the Corning filters which have been 
used are: (a) #2412 for red emission bands; (6) 
¥ 3000 plus #5030 for blue emission bands; and 
\©) *9970 alone, or * 7380 plus #5840 for ultra- 
violet emission bands. 

The ultraviolet output from the monochromator 
is determined with an Eppley thermopile, the out- 
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put of which is amplified by a Perkin-Elmer D.C 
Breaker Amplifier, Model 53, and measured with a 
microammeter. The fluorescent response, as meas- 
ured by the galvanometer, divided by the corre- 
sponding relative energy values of the ultraviolet 
radiation, as determined by the thermopile, gives 
the relative excitation spectrum of the phosphor. 
In taking the data, a constant slit width is used. 
Therefore, the band pass in terms of wave numbers 
varies. Since the excitation spectrum is a relative 
measurement, any decrease in the output of the hy- 
drogen lamp does not affect the results provided 
that the spectral energy distribution (SED) does 








Fic. 1. Apparatus used to determine the excitation spec- 
trum of phosphors. 


not change over the wavelength range of interest. 
In order to check the SED of the hydrogen lamp 
at regular intervals without having to use an elabo- 
rate thermopile setup, the hydrogen lamp response is 
determined with the Beckman “blue” photocell at 
the same time that the lamp is calibrated by the 
thermopile. At regular intervals thereafter, the hy- 
drogen lamp is checked against the Beckman ‘“‘blue”’ 
photocell to determine any relative SED changes 
and the proper correction applied. This, of course, 
assumes that the relative response of the cell has 
not changed during the interval. 


EXCITATION SPECTRA OF Zinc BERYLLIUM 
SILICATES 


The excitation spectra for a series of manganese- 
activated zinc beryllium silicates with varying per- 








160 





















JOURNAL OF THE ELECTROCHEMICAL SOCIETY April 1952 






















centages of manganese are shown in Fig. 2. Increas- lattice constant due to the incorporation of | ery\. 
ing the manganese content shifts the excitation to lium and manganese. Fonda (1) and Kroeger (2 
lower wave numbers (i.e., longer wavelengths), which have shown that when beryllium orthosilicate js 
is what one would expect on the basis of the emission dissolved in zine orthosilicate there is a contraction 
spectra which shift to lower wave numbers for in- of the lattice, while the inclusion of manganese 
creasing manganese content. Fig. 3 shows the ex- expands the lattice. Fig. 2 and 3 show that increas. 
citation spectra for a series of manganese-activated ing the lattice constant shifts the excitation curve to 
zinc beryllium silicates with varying’ zine to beryl- lower wave numbers. However, for the emission 
spectra of ZnBeSiO,: Mn, it is not possible to cor. 
os : ri 
10 ass tes Pe date eee relate the change in emission with the lattice eo. 
r —— a 7 : . . . 
] stant. Increasing the amount of beryllium (decreas. 
| ing the lattice constant) shifts the emission spectra 
from the green toward the red. A similar effect js 
obtained with increasing manganese (which increases 
| é a ; the lattice constant). Thus, both a decrease and an 
5 iN 
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Fig. 4 


increase of the lattice constant cause the emissio! 
curve to shift to lower wave numbers. 






RELATIVE RESPONSE 





Reports have been given in the literature (3, 4 

—<e°®™ * | of three different modifications of manganese-acti 

“8° ae | vated zine orthosilicate phosphors which luminesce 

cans thee <6, 0 | green, yellow, and red, respectively. The crystal 

structures, as revealed by the x-ray patterns, ar 

| definiteiy different for the green and yellow modl- 

aie waRRER we 8s ee aa” — fications; the crystal structure of the red modifica- 

Fig. 3 tion is still unsettled. The three modifications, ac- 

cording to Schleede (5), have identical excitation 

lium ratios. Over the range covered by the data, spectra. Fig. 4 shows the excitation spectrum of « 

increasing the Zn/Be ratio shifts the excitation curve green zinc orthosilicate, as well as the excitation 

to lower wave numbers. The peak of the various spectrum obtained by Froelich (6) for the yellow 

curves shifts from 40.3 - 10° em~'! to 38.8 - 10® em™~! form. These two sets of data do not suppor 
(i.e., 2480 to 2570 A). For the 2537 A mercury line Schleede’s claim. 


all members of this series of phosphors showed strong es : : 
fue Exciration Spectra oF CALCIUM 


fluorescence. This, of course, is one of the reasons 
SILICATES 


why the zine beryllium silicates are such efficient 


phosphors when used in low-pressure mercury lamps. The excitation spectrum for a calcium metasill- 
The phosphors used to obtain the data for Fig. 2 cate, lead- and manganese-activated phosphor ' 
and 3 all have a rhombohedral crystal structure sim- shown in Fig. 5. The data have been taken for both 


ilar to that of willemite, but there is a shift of the the red band and the ultraviolet band. The fac! tha! 
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o curves are not exactly identical shows that 
the SED of the phosphor varies slightly with excit- 
» wavelength. This particular spectrum is for a 
sample to which had been added 0.011 moles man- 
ganese per mole of calcium (0.5 per cent by weight of 
calcium silicate), but the curves are identical up to 





0.077 moles of added manganese per mole of cal- 
cium (3.7 per cent by weight of calcium silicate). 
One effect of increasing the manganese content is 
to cut down on the intensity of the ultraviolet (Pb) 










band. The sample containing zero moles of manga- 
nese did not have a red band since the red band is 
due to the manganese. The results given here agree 
with those of Froelich (7) who found the spectral 
sensitivity to be independent of the manganese con- 


333 2e¢ 250 Aims) 2e2 
4 : 


EXCITATION SPECTRUM OF 
CaSi0y, Pb- tin 


t) BAN 
a-wSSLE BO 


RELATIVE RESPONSE 












, a 


: % s * a ase 
WAVE NUMBER IN Cw 


Fic. 5 


centration for the range from zero to four per cent. 
Another sample was made by the addition of 0.165 
moles of manganese per mole of calcium. It gave a 
similar curve for the red band. However, the results 
lor the ultraviolet band were completely different. 
Since the data were not too accurate, no curve has 
been plotted. The general shape of the curve is such 
that this phosphor has a peak at 43 - 10° em~', and a 
minimum at 41 10° em! from which the curve 
rises slowly, reaching another peak at about 34 - 10° 
em”-'. The manganese content of this sample was 
7.8 per cent by weight of calcium silicate. There 
was one other change in this sample besides the 
increase in the manganese content. The lead adden- 
dum was increased from the 0.0035 mole of the 
previous samples to 0.0066 mole. Since the ultra- 
Violet emission band is due to lead, the change in 














the excitation spectrum is. undoubtedly due to the 
Variation in the lead content. 
BARIUM SILICATES 
|: 


ie remainder of this paper, data will be pre- 
or both the ultraviolet and visible bands. 
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It should be noted that in all cases the data for the 
ultraviolet band are at a higher wave number than 
the data for the visible band. This, of course, is 
what one would expect. 

In Fig. 6 are shown the excitation spectra for the 
ultraviolet and visible bands, respectively, for three 
samples of lead-activated barium silicate. Going from 
left to right in both cases the samples are: barium 
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metasilicate (BaSiO;), barium disilicate (BaSisO;), 
and barium mesotrisilicate (BasSi,Os). To form these 
three compounds, the ratio of silica to barium oxide 
is varied. Fig. 7 shows the excitation spectra for 
such a series. In these samples, the ratio of lead and 
barium is kept constant and the silica content varied. 
for the ultraviolet band the curves show that in- 
creasing silica gradually suppresses the low frequency 
peak, while for the visible band the peak gradually 
shifts to a higher frequency. Table I gives the crystal 
structure of these phosphors as determined by x-ray 
diffraction. 
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Earlier work on barium silicate ultraviolet phos- 
phors has been reported by Clapp and Ginther (8), 
and by Butler (9). Recently, Butler and Cassanos 
(10) have described some lead-activated barium sili- 
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TABLE I 





Composition in moles 
X-ray identification 
Ba Pb SiO. 





10 | 0.06 | 1.05 BaSiO,; 

1.0 | 0 06°'| 1.25 BaSiO; + BaSi,O, (very weak) 
1.0 | 006) 1.35 BaSiO; + BaeSi,O, (weak) 

1.0 | 0.06 1.50 Ba.Si;0O, + BaSiO; (very weak) 
1.0 0.06 | 1.75 Compound ‘‘Y’’* 


* This compound has not as yet been identified. 


cate phosphors in which the color is varied by in- 
troducing magnesium as a modifier. The excitation 
spectra of three of these phosphors listed as types I, 
IIT, and IV in the original paper are shown in Fig. 8. 


The x-ray data show type I to be a barium meso- 
trisilicate (Ba,Si,Os). Butler and Cassanos in their 
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paper refer to the crystal structure of the othe: two 
types as compound Z with some pattern A. 

For manganese-activated zine beryllium silicate. 
Butler (11) has shown that the emission spectra 
may also be broken up into subbands. An attempt to 
determine the excitation spectra for these various 


subbands was unsuccessful. This was due to the 
large overlapping of the various subbands, which 
made it impossible to obtain and isolate each sub- 
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band and still obtain sufficient response. However, 
Kroeger (2) states that the emission spectrum | 
independent of the manner of excitation and 1 
identical for the various excitation regions. From 
this he concludes that all the overlapping emission 
bands of this phosphor must be excited by one and 
the same kind of center. . 


CONCLUSION 


For the silicate phosphors studied which have two 
separate emission bands, it has been shown that the 
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Vo No. 4 EXCITATION SPECTRA OF 
excitation spectra of the two bands are different. 


This shows that the spectral energy distribution of 
that phosphor is a function of the exciting wave- 
length. 
indicates that the mechanism for the excitation of 


But, more important, is the fact that it 
each band is different. 
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Liquid Settled Luminescent Screens' 


S. PAKSWER AND P. INnTISo 


Research Laboratory, The Rauland Corporation, Chicago, Illinois 


ABSTRACT 


A distinction is made in liquid settling of fluorescent particles in television tubes be- 


tween ‘‘wet”’ adhesion, i.e., adhesion of particles during tilt, and ‘‘dry’’ adhesion, i.e 


bat 


adhesion in the finished screen. Wet adhesion in H.O, salt solutions, silicate solutions, 
and in a complete system, Ba(NOs), | silicate | H,O, is discussed. An apparatus to 
measure dry adhesion is described and it is shown that dry adhesion increases suddenly 
when a definite total amount of silicate in the settling solution is reached. This amount 


of silicate is a function of the surface, suggesting a ‘“‘mortar 


tween the phosphor particles. 


INTRODUCTION 


At present, liquid settling is the most generally 
adopted method for preparing luminescent screens 
in cathode-ray tubes for television purposes. The 
general procedures have been described by Sadow- 
sky (1). Edelberg and Hazel (2) and Stericker and 
Hazel (3) published results of their investigations 
on electrical and chemical effects that take place 
during the settling process. These authors gave a 
comprehensive theory of the scientific foundations 
of the settling technique. However, in our opinion, 
further developments of this theory are necessary 
to explain all observations made on different types 
of screen settling and to allow for better leads in the 
setting up of settling formulae. 

Fundamentally, the settling of luminescent pow- 
ders from a liquid on the face of a glass bulb is part 
of the question of the adhesion of microscopic par- 
ticles to solid surfaces (4, 5). It was shown by von 
Buzagh that the same laws apply for adhesion of 
particles as can be recognized in the stability and 
coagulation of sols. All of the electrolytes which 
coagulate negatively charged sols increase the ad- 
hesion of negatively charged particles and those 
which act as peptizing agents lower the adhesion. 
Both the lyotropic ionic series and the Schulze- 
Hardy rules govern the action of these electrolytes. 
This covers the fundamentals of liquid settling; 
better understanding can be gained by further analy- 
sis of the procedure. 

EXPERIMENTAL 
Description of the Settling Process 

The procedure is roughly as follows. A bulb is 
placed vertically, face down, on a tilting table or a 
conveyor belt, and a layer of water, which may 
contain a certain amount of salt, is introduced into 

‘ Manuscript received May 7, 1951. This paper prepared 


for delivery before the Detroit Meeting, October 9 to 12, 
1951. 


action of the silica be- 


the bulb. A suspension of the luminescent powder 
of exactly determined weight (total weight being 
proportional to screen surface) is mixed with a solu- 
tion of potassium silicate and poured into the column 
of liquid. (Potassium silicate can also be added to 
the settling liquid, or salt to the suspension.) After « 
definite minimum time, the liquid is removed by 
decanting and the screen is dried in a stream of ait 
or in vacuum. 
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MICRONS 


Fic. 1. Particle size distribution of a television phosphor 


There are many variables in this process, such as 
particle size, particle size distribution, shape and 
“wettability” of the luminescent particles, chemical 
composition and concentration of the salt, amout! 
of silicate in the solution, temperature of the solu- 
tion, and settling time. In this report the settling 
properties of a standard mixture of ZnS and ZnS8Cds 
for P4 luminescent screens will be discussed. Thi 
particle size distribution, measured by the method 
of Palo-Travis (6), is represented in Fig. 1. 


Wet and Dry Adhesion 


A better understanding of the settling proces 
‘an be obtained if the requirements for the formato! 
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‘isfactory screen are broken down in two parts. 
(a © luminescent powder must adhere to the 
glass face sufficiently to allow the liquid to be poured 
off without disturbing the sereen; this property will 
be called “wet” adhesion. (b) The luminescent pow- 
der when dried must have sufficient adhesion to 
withstand .urther processing and use. This require- 
ment will be called “dry” adhesion. 

The adhesion necessary to form satisfactory 
screens upon tilting is a criterion for wet adhesion 
in the preparation of luminescent screens. Since 
adhesion of a lesser degree is of no practical value, 
the methods for measuring wet adhesion, such as the 
“adhesion number method” and the “secondary angle 
of tilt” (4), could not be applied to this work. The 
measurements for wet adhesion consisted of screens 
being classified as satisfactory or unsatisfactory after 
the supernatant liquid was removed by tilting. 


|.LAMP 

2SLIDE HOLDER 
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5.HOLE 
6.REOUCING VALVE 
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Fic. 2. Apparatus to determine ‘‘dry’’ adhesion of fluo- 


rescent screens. 








“Dry” adhesion is measured according to the setup 
shown in Fig. 2. Several microscope slides are placed 
in a cutout bottom half of a television bulb; the 
screen is settled and, after a given settling time, the 
supernatant liquid is removed by siphoning. After a 
screened slide has been dried with filtered air, it is 
placed on a slide holder at a determined distance 
irom the orifice of the blow tube as shown in Fig. 2. 
A jet of filtered air of variable pressure is blown onto 
the completed screen. The pressure at which par- 
ticles are blown off from the glass plate is reproduc- 
ible and is considered to be a measure of “dry” 
adhesion. ' 


\dhesion of Phosphor Particles in Water 


rhe complex system in a settling solution contains 
the powder and the glass surface, water, salt anion 


and ction, silieate, and potassium ions. To arrive 


at conclusions in this total system, it is necessary 
to eXvinine the conditions in partial systems. The 
sett of luminescent powders in water (or organic 
liquic’ will be considered first. It was observed that 
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phosphors of small particle size, deposited on a 
horizontal surface, slid on standing under the in- 
fluence of gravitation in pure water (2 ppm im- 
purity) but did not slide in impure H,O (110 ppm 
impurity). Phosphors of large particle size show less 
sliding. This observation is in line with von Buzagh’s 
measurements. He found that the adhesion of par- 
ticles in water first diminishes slightly with size and 
then goes up asymptotically. He explained this be- 
havior as follows. In order to produce good adhe- 
sion, the solid parts of the particle and the glass wall 
must come in contact so that short-range London- 
van der Waals forces can keep the two parts together. 
In a liquid both the particles and the glass wall are 
covered with a solvated layer, the thickness of which 
is inversely proportional to the dielectric constant 
of the liquid. The thicker the solvated layer, the 
less strongly the particles adhere®. Fig. 3A is a draw- 
ing illustrating the phenomenon recognized by von 
Buzagh, that for thick solvate layers bigger particles 



























H20+* SALT 





Fia. 3. Formation of solvate hulls responsible for ‘‘wet”’ 
adhesion. 


have a better chance to come in closer contact 
with the surface and adhere better. Since the weight 
of large particles is greater, they may slide at large 
angles of tilt although they will not slide easily at 
small angles. It is not surprising, therefore, that the 
adhesion number method shows that only partic’es 
of medium size will adhere, and this is substantiated 
in screen settling experience. Since the formation 
of solvate hulls depends on the dielectric constant, 
alcohol should act better than water for settling, 
and acetone better than alcohol. 


Adhesion of Phosphor Particles in Salt Solutions 


According to this theory, addition of salt to water 
modifies the solvate hulls around the surfaces in the 
same way as it would in colloidal sols, that is, it 
decreases their thickness considerably. All observa- 
tions concerning the formation of an electric double 
layer and parallelism or absence of parallelism in 


2 A very similar line of reasoning presented in a more 
mathematical and quantitative form is discussed by Verwey 
and Overbeek in their book ‘‘Theory of the Stability of 
Lyophobie Colloids.’’ The words ‘‘electric double layer’’ 


could be substituted for ‘‘solvated layer.’’ The balance of 


attractive and repulsive forces leads to a potential barrier 
(stability) or to an attraction throughout (instability ~ 
flocculation). 
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flocculation and & potential are applicable here. For 
our purpose it is possible to assume that adhesion 
and flocculation behave analogously. Thus, elements 
of the second group act in much smaller concentra- 
tions (about 1/100) than elements of the first group 
of the periodic system, and within the groups, the 
concentrations are regulated by the lyotropic series. 
The effect of NasSO, on the — potential of phosphor 
and glass is shown by Edelberg and Hazel; this 
effect should be expected from our analogy. It is to 
be suspected that anions will also exercise some 
effect especially at high concentrations. This in- 
fluence of anion and cation in combinations on wet 
adhesion is shown by von Buzagh. He also shows 
that the adhesion number drops with rising con- 
centration in NaOH, rises with concentration in KCI 
and BaCl., and has maxima and minima in ThCl,. 
The influence of particle size in salt-water solutions 
is shown by Fig. 3B. It can be seen that adhesion is 
better with small particle sizes and worse with large 
particle sizes. 


GLASS 


Fic. 4. Phosphor erystals held together by an inter- 
mediate layer. 


Adhesion Due to Silicate-Mortar Action of the Silicate 


For surfaces whose sign of charge is the same, the 
adhesion may be given by short range forces (~1/d") 
acting between the solid particles at the points where 
they are in intimate contact. The highest adhesion 
would therefore be shown by cubic particles settled 
over a face on a flat surface. Spherical particles 
would have a lower adhesion. Luminescent particles 
of irregular shape (white planes in Fig. 4) would 
have only a partial adhesion because of lack of con- 
tact. Amorphous layers of silicate between the par- 
ticles and the wall (black in Fig. 4) increase the 
adhesion when dry by acting as a “‘mortar.”’ 

To improve the dry adhesion (and also “wet’’ 
adhesion in mixed salt and silicate solutions, as 
will be explained later) it is current practice to 
add potassium silicate’ to screening liquors. It is 
known that screens with low concentrations of potas- 
sium silicate alone cannot be made. At higher con- 
centrations (about 6 per cent of solids) screens can 
be formed and even tilted, although the wet adhe- 
sion is not very good. When dried, the adhesion is 
strong. Edelberg and Hazel found that the — poten- 
tial of the phosphor is raised by potassium silicate 

* Potassium silicate made by the Philadelphia Quartz 
Company and sold as ‘‘Kasil #1’’ was used in the present 


tests. 
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from —11 to —49 mv, and remains constant, w! eres 
on the glass the & potential is raised from — 57 t) 
—78 mv and drops to —42 mv. Thus, at low eop. 
centration of silicate, phosphor particles are kep 
apart and away from the glass wall, as they would 
be in a sol. At higher concentration the adsorption 
of K* ions reduces the ‘‘peptizing”’ action of silicate. 










Wet and Dry Adhesion in a Complete System, 
W ater|Salt| Silicate 






Salt alone does not give satisfactory dry adhe. 
sion, nor is the wet adhesion generally sufficient to 







tilt sereens on tilt tables or conveyors. Dry adhesioy 
with silicate alone is satisfactory, but wet adhesion 






is very poor. Certain combinations of salt and sili- 






cate give better results. Such conditions are illys. 
trated in Tables I-IV and Fig. 5 and 6. 







TABLE I. “‘Dry’’ adhesion of settled screens 





3 grams of ZnS + ZnSCdS powder, avg size 16 uy; silica 
+ H.O = 3000 em‘ 






lb pressure 










Point in cm cm? 

diagram Settling time Ba(NOs)e Kasil k For 
Fig. 6 1.6%, soln. 1 o 7 
appearance | complet 

of holes “blow 

l 10 min 35 50 6 

l { hr 35 50 4 } 

2 15 min 65 105 2 6 
overnight 30 2850 11-12 5 

3 15 min 30 1200 8-19 | >35 

3 3 hr 30 1200 15 24 

4 15 min 75 162 ~11 23 

5 20 min 10 162 8-17 1S-: 

6 2 hr 75 1200 6-12 33 

7 15 min 75 125 } 6 






In the tables and in Fig. 5 are shown results o/ 





measurements of dry adhesion made on screeus 
settled from Ba(NQO,),'silicate solutions, with th 
apparatus shown in Fig. 2. In the tests of Table | 
the ZnS+ZnSCd8 television phosphor having thi 
particle size distribution of Fig. 1 was used. The 
numbers in the first column correspond to the pos'- 









tion of the points in the diagram Fig. 6. Curve | 0! 
Fig. 5 represents the data from Table I. For eac! 
point, 4 slides were settled, and about 4 “blow-o'” 
tests were made on each slide. The values reporte’ 








are average values of all readings, so that each pol! 





represents at least 16, and in some cases 32 or 





readings, because most of the settlings were " 
peated several times. The readings were reproduc) 
and consistent within 1 lb in the horizontal branches 
of the curves in Fig. 5. On the vertical branches th 
readings varied much more. This is quite understand 
able because this is a transition region in which seem 









ingly two different processes are coexistent. Fo! 
these reasons the multitude of data obtained wer 
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not plotted individually. Instead, they are presented 
as curves Which are closest to the average values. 
It can be seen that with low amounts of silicate dry 
adhesion has a low and constant value, then a sud- 
den steep rise takes place followed by only a slight 
increase With still higher silicate quantities. The 









TABLE IIL. “Dry’’ adhesion of settled screens 
§ grams of ZnS + ZnSCdS powder, 








avg size 5 yw; silicate 


3000 em?* 











Ib pressure 


, : cm? cm? 
Point in diagram Settling time | Ba(NOs)2| Kasil ’ ; 
Fig. 6 rs For ap- For 
1.6% soln. 1:4 
pearance | complete 
of holes ‘“‘blow-off”’ 


5 15 min 75 162 ~4 8 
30 min 75 212 ~5-11 14 
30 min 75 262 7-15 32 
15 min 75 100 2-4 S 






TABLE IIL. 
} yrams of ZnSCdS powder very coarse; 
= 3000 cm 


“Dry” adhesion of settled screens 


silicate + H.O 








Ib pressure 








cm® Ba(NOs):) cm® Kasil 


Settling time 1.6% soln. 14 





For appear- 


For complete 
ance of holes of 


“blow-off 























TABLE IV. “Dry” adhesion of settled screens 
16 grams of ZnS + ZnSCdS powder, 
= 6000 cm® 






avg size 16 uw; HO 





lb pressure 





cm! Ba(NOs)2 cm? Kasil 
1.6°) soln. 1:4 





ttling time 






For appear- For complete 
ance of holes ‘“‘blow-off”’ 














“9 90 162 Ss 
a) 90 250 30 
Ss 90 200 . 15 








physical appearance of the 


cc 7) . 
blow-off”? changes: in 
the low 


silicate region the particles are blown off 
complctely and separately; at higher quantities, the 










phosphor partie les leave the plate as cohesive clumps 
or e} To investigate further the baffling phe- 
nom of the steep rise of dry adhesion, the tests 
Were i .odified as follows: 
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In the tests shown in Table II and curve 2 of Fig. 
5, a ZnS + ZnSCds powder of smaller particle size 
(~5 » avg) was used. It can be seen that again there 
is a steep rise, but at higher silicate quantities. 
In this case, the total surface available for adsorp- 
tion was increased. For the tests of Table III and 
curve 3 of Fig. 5, a phosphorescent ZnSCds8 of large 


Tn LU Te 

35} + + +444 -——+— 2 
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sot+t ttt 
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Fig. 5. Dry adhesion of phosphors settled in barium 
nitrate silicate solutions. 
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cc H20 
Fig. 6. Wet adhesion of phosphor as settled in a barium 
nitrate|silieate|water medium. X—good wet adhesion; 
O—no wet adhesion; A—borderline proportions; @ 
used in tests, Tables I-IV. 


points 








particle size was used. This phosphor has less total 
surface than the. powder of Table I and required 
somewhat less silicate for a steep rise. Finally, in 
Table LV, curve 4, settled screens of the same weight 
per cm? were settled in a larger container (surface of 
settled screen 1161 em? against 706 em® used pre- 
viously), that is, the total weight of the powder was 


increased from 3.0 to 4.6 grams‘; the volume of the 


‘ These values are within 7 per cent error and sufficiently 
close for this type of work. 
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silicate-water solution was increased from 3000 to 
approximately 6000 cm*® and the amount of Ba- 
(NOs3)o, for optimum sticking in line with previous 
experience, from 75 to 90 em® of 1.6 per cent solution. 
It can be seen that the steep rise occurs at higher 
amounts of silicate but without corresponding in- 
crease in silicate concentration, and that the ratio 
of the cm* silicate added in both cases to obtain the 
top point at the steep rise is almost equal to the 
ratio of the weights of the powder. 

The picture obtained from dry adhesion tests 
would not be complete without settling tests cor- 
responding to the wet adhesion. In Fig. 6 is shown a 
diagram of settlings in the Ba(NOs).|silicate|water 
system based on a silicate-water volume of 3000 cm‘. 
For all points inside the closed curve, the wet ad- 
hesion is above the minimum necessary for tilting. 
To|the left, it can be seen that pure salt does not 
produce good enough adhesion, but the addition 
of very little silicate improves the wet adhesion 
enormously and such screens can be tilted in 10 min- 
utes or less; increase of silicate increases the time 
which must elapse before the screen can be tilted. 

In points above the curve, the salt and the silicate 
are present in such high concentrations that the 
silicate particles in solution coagulate (gel) and 
screening is not possible. 

INTERPRETATION OF EXPERIMENTAL RESULTS 

These experimental results on dry and wet ad- 
hesion cannot at the present stage be traced to a 
simple picture of happenings in the complete system 
salt silicate water. One way of approach might be 
based on certain ideas on the stability of lyophobic 
colloids (7). It is conceivable that, at small amounts 
of silicate, the particles (and silica) deposit from 
“stable” suspensions with predominantly repulsive 
forces. At higher amounts of silicate, the suspen- 


sions become “unstable” with attraction forces being 
predominant. This picture could explain a sudden 
change in resistance of the screens to mechanical 
forces. 

Another possibility of approach would be to as- 
sume that the powder particles and possibly the glass 
wall adsorb silicate molecules. They also adsorb ions 
which facilitate coagulation (or adhesion). The phos- 
phor particles can adsorb a layer of a given maximum 
thickness if there is enough silicate present. The 
actual amount of the adsorbed silicate, the extent 
to which a silicate layer surrounding the particles 
has been formed, is determined by the total surface 
of the powder and the glass and by the total amount 
of silicate present and not by the silicate concentra- 
tion. When little silicate is present, the adsorbed 
ions act in such a way that local bonds are formed 
between the silicate and the glass. These bonds may 
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be of a chemical nature as shown by Stericke, and 
Hazel. This explains the good wet adhesion. the 
short time necessary for bond formation, and the 
poor dry adhesion with the tendency of the powder 
to separate. When the layer surrounding the powder 
particles is completely saturated with silicate, the 
particles start to be bound one to another, possibly 
also by silicate bridges described by Stericker and 
Hazel. Because of this additional amount of silicate. 
longer settling time is necessary to obtain sufficiey 
wet adhesion to allow the supernatant liquid to be 
decanted without affecting the screen. After drying, 
the additional silicate acts as a mortar between the 
particles producing better dry adhesion. This would 
be the optimum point for most_ practical purposes 
because it permits a more rugged treatment. of the 
dry screen. From the data of Fig. 6 and Tables | 
to IV, adequate settling formulae can be calculated 
for any tube size and any particle size. 

If the silicate content is increased beyond the 
point necessary for improved dry adhesion, screens 
have to be settled longer because the salt|silicate 
ratio has to be lowered to prevent gelling. That th 
dry adhesion is further improved with increasing 
amount of silicate can be explained by the appear 
ance of a silicate membrane on top of the powde: 
which forms from the drying solution after it has 
been siphoned or poured off and which acts as a 
“mortar.” 

From the standpoint of colloidal chemistry, ther 
is included in the picture given above the action o! 
an electrolyte on a protective agent. Such cases ar 
known but as yet there does not seem to be a com- 
plete understanding of such processes; at the present 
stage it may be pure speculation to state whethe: 
the bridges formed in the solvate hulls by the pre- 
cipitated protective agent are due to chemical bonds 
or to van der Waals adhesion. 


Any discussion of this paper will appear in a Discussio! 
Section, to be published in the December 1952 issue of th 
JOURNAL. 
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I. INTRODUCTION 





The electrolytic evolution of hydrogen is gener- 





ally chosen as the main subject of, experimental and 
theoretical research in electrode kinetics because it 






was originally thought to be one of the simplest 





electrode reactions. This expectation has not been 
confirmed. However, work already done has em- 
phasized the importance of the reaction, and its 







practical significance to studies in corrosion has 
stimulated further attempts to solve the problems 






discovered. In the following, some general equations 
of electrode kinetics are formulated and indicate the 
experimental methods best suited to mechanism 
determinations, 









It is notoriously difficult to measure the velocity 





of an electrode reaction and the corresponding 
electrode potential with reproducibility. The best 
agreement obtained between workers in different 
laboratories is +8 mv on Hg and +20 mv on solid 
(e.g., Ni) cathodes. 









Many different types of Tafel lines are reported 
in the literature. Some of these are collected in Fig. 
|, from which it is seen that only the first and the 
last two represent forms which are free from vitiat- 
ing lifluenees. The principal vitiating factor in ex- 
p perin il work arises from minute traces of im- 
purit i solution. For example, addition of only 











\1 





cript received March 26, 1951. This paper pre- 
lelivery before the Washington Meeting, April 8 








The Mechanism of the Cathodic Hydrogen 
Evolution Reaction’ 


J. O’M. Bockris ano E. C. Porrrer 
Imperial College of Science, London, England 


ABSTRACT 


Some of the outstanding problems of concept and mechanism in the field of cathodic 
hydrogen evolution kinetics are discussed and clarified. A full derivation and correla- 
tion of kinetic equations which assume no mechanism reveals expressions for several 


11. Some DirFicuLTies OF TECHNIQUE AND CoNCEPT 





parameters which take values specific to one or more mechanisms. The use of sta- 
tistical methods of treatment of data proves indispensible in estimating the values of 
these parameters. A further method of ascertaining the mechanism of the hydrogen ev- 
olution reaction is to examine the kinetics of the individual reaction paths, so that the 
expected values of parameters common to all paths may be deduced. A number of mecha- 
nisms important in acid and alkaline solutions are thus treated, and are shown to be dis 
tinguishable experimentally. Using already published data, the actual conditions under 
which various reaction paths take place at mercury, silver, nickel, and smooth platinum 
cathodes are calculated. It is not only possible to compare these deduced data with ob- 
servation, and thereby verify the occurrence of a particular reaction path, but also to 
demonstrate the impossibility of some mechanisms in specific cases. The recent ad- 
vances which the foregoing methods have made possible are discussed in relation to 
data which have recently become available. 


10-” gram moles/liter of As,O;, CS., CO, KCN, 
etc., detectably affect the electrode potential at a 
given current density at nickel cathodes (1). Re- 
producible results can only be obtained in solutions 
which have been purified by pre-electrolysis on to an 
auxiliary cathode (2). Use of this method involves 
laborious work to determine the amount of pre- 
electrolysis necessary for a given electrode and solu- 
tion. The criterion by which the optimum conditions 
for pre-electrolysis are found is that passage of 
further coulombs at higher potentials makes no 
further difference to the experimental results. 
Even then, the initial state of the solution before 
purification may be difficult to reproduce so that 
sometimes less pre-electrolysis is necessary than 
at other times. 

Many difficulties in preparing the surface of solid 
metals in a reproducible, clean state have caused 
most studies to be made on mercury. In one method 
(3) the electrode in wire form is heated in a stream 
of hydrogen to rem6ve oxide films and sealed into a 
thin glass bulb containing pure hydrogen. After 
pre-electrolysis of the solution the bulb is broken by a 
glass probe thereby immersing the electrode in the 
purified and oxygen-free solution. A further possible 
method would be to heat the wire electrode electri- 
cally, e.g., inductively inside the cell, containing 
hydrogen, before placing it in solution. 

In addition, a few difficulties connected with the 
general attitude of much past work to studies of the 
hydrogen evolution reaction may be mentioned. 
First, the difficulty of measuring the electrode poten- 
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tial, and the comparative ease of measuring the cur- 
rent, directed attention away from the fact that 
the problems connected with overpotential were 
purely kinetic, and that attention should be focused 
upon the current. Second, considerable attention 
has been paid to the determination of 7, the current 
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Fic. 2. Relationships between exchange current and 
thermionic work function for a number of cathodes. 


passing in either direction at the electrode at the 
reversible potential, i.e., at zero overpotential. 
Consider a complete galvanic cell at constant 
temperature consisting of a metal M (the cathode 
in a cell in which overpotential is measured) and a 
Pt electrode in the same solution as the metal M. 
There are three potential differences in the cell: 
Vu, that at the boundary M-solution; V>,, at the 
boundary Pt-solution; and X, the contact potential 
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difference between the metals. If AV is a potentia| 
difference measured by means of a potenticmetey 
connected to wires of composition M, then, 


AV = Vy — Ver + X. 


Now, X = 4, — p:, where 4, and @p; are the 
work functions of the metals M and Pt respectively 
(neglecting the Peltier heat in the usual Way), 
Hence, 


Vu = AV + Ver — Dy + Ppr. 


Or, if the experimental conditions are appropriate. 
so that AV represents a hydrogen overpotential, 


Vu =nt Ver — by + Pp = 7 — Py + kK, (] 


where K is a constant potential difference for ql! 
cells in which hydrogen overpotential, 7, is meas- 
ured at the same pH and temperature. But also, 
the relation between current density, 7., and poten- 
tial, for a kinetic electrode process in which the 
reverse reaction can be neglected, is given (see 
below) by an equation of the form, 


° , —aVy F 
t, = K, exp | ——__— 
RI 
where a and K;, are constants and the pH is assumed 
to be constant. Thus, 


“a: — —a(n i Pry +t K)F 
1, = K, exp | RT |. 


Therefore, if when » = 0, 7. = %, then, 


where Ke is a new constant. 

A relation of type (3) is indeed observed, and is 
shown in Fig. 2. It follows, then, that the most ap- 
propriate potential at which to compare the rate 0/ 
the hydrogen evolution reaction at various electro 
materials is not the reversible hydrogen potenti! 
but the absolute zero of potential. In the absence 0/ 
reliable knowledge of this, the potential of th 
charge-free surface appears to be the best referen 
potential. 

Similar conclusions apply to the heat of active 
tion, AHG, which is usually quoted at the reversi 
hydrogen potential. However, measurements 0! 
and AH} retain considerable relevance because the! 
assist in distinguishing between various possilé 
mechanisms of the electrode reactions. . 

Lastly, the rate of the evolution reaction deped'* 
upon the difference of two inner potentials ¢, | 
it depends upon a Galvani potential, where ¢ © 
defined by 


¢?=Y¥+x, 
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y being the Volta potential of a phase and x the 
surface potential. The latter potential is strongly 
dependent upon the surface condition of a phase, 
and henee the overpotential at a given rate of reac- 
tion would depend sharply upon trace impurities. 


II]. SratisticAL Mretuops IN MEASUREMENTS OF 
HyproGeN E.Lectrope KINETICS 


In order to observe with reasonable and known 
accuracy those of the theoretically important param- 
eters in overpotential studies (e.g., temperature 
and concentration effects) which may vary little 
more than the reproducibility of the measurements, 
it is essential to replicate the observations and to 
apply statistical methods. 

In applying the method of least squares to esti- 
mate the parameters of a Tafel line, those formulae 
should be employed which correspond to the cur- 
rent as the independent variable and the potential 
as the dependent variable. This means that the sums 
of squares of the vertical deviations of the experi- 
mental points from the computed Tafel line are 
minimized, and that, consequently, a prediction of 
potential at a stated current has the minimum 
possible error based on the original observations. 
Thus we have 


a= 4 — bi, (5) 
and 
nSxy — Tr D1 N ; 
| = / y = ; (6) 
n=a* — (Sx)? D 


where x and y take the corresponding experimental 
values of log 7, and n, respectively, n is the number 
of pairs of observations, 7 is (Zy)/n, and & is (Zax) /n. 
The variances of the Tafel line parameters may be 
calculated from 


ie [Indy — (Zy)"|D — N’ 


ry = 
“ (n — 2)? : 4) 
Via) = V(b) [D/n + #'J, (8) 

and 
V (log %) = V(b)[D/n + (log ly — ¥)°] (9) 


b? , 


Where V(b), V(a), and V(log i) are the respective 
Variances of b, a, and log i , each with n — 2 degrees 
of freedom. 


When replication of observations is carried out, 


it is olten desired to replace the population of Tafel 
lines so obtained by one mean line. The parameters 
of this line may be calculated by bulking the ob- 
‘ervalions and applying (5) and (6), but the vari- 
‘ices of these parameters cannot be found by 
apply ve equations (7) to (9) to such bulked data. 
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In these circumstances the required variances are 
calculated from equations of the type, 


rin) — 2(pi — B)? 
(p) af Nr(Nr ante 1)’ 


(10) 


ll 


where V(j) = variance of p, 


p; = the value of the parameter p of the 
j" Tafel line, 
p = (p;)/n, 
and nr = number of Tafel lines in the popula- 
tion. 


It can be shown that the relation between log 7 
and absolute temperature, 7’, is 


AH* 


log % = log B — san3RT 


(11) 
where log B contains a temperature term, but is 
usually considered to be temperature independent 
over the ranges of temperature often used experi- 
mentally. It is evident from (11) that since log B 
is formaily the value of log % at infinite temperature, 
the value of log B is obtained by a long extrapola- 
tion of the observed relation. Also, since log % 
is itself obtained by lengthy extrapolation of a 
Tafel line, it is not surprising that published values 
of log B show lack of agreement (4). In order to 
obtain the most probable values of AH? and log 
B from the data, it is clear that by treating 1/7’ as 
the independent variable and log % as the dependent 
variable, equations analogous to (5) to (8) can be 
applied. 

The experimental accuracy which must be 
achieved to attain any desired limits of error in an 
estimate of log B may be calculated in the following 
way. The variance of log i, V(log %), is given with 
sufficient accuracy by 


V(m)D’ 


n 


V (log %) = , (12) 
where V(m) is the variance of m, 

m is AH} /2.303R, 

D’ is the appropriate denominator corre- 

sponding to D, in (6), 
and n’ is the number of pairs of observations 
of log % and 1/T. 

Also, the variance of log B, V(log B), is obtained 
from an equation analogous to (8) as, 


V(log B) = V(m) [D’/n’ + #7], (13) 


where 7 = Yr/n’ = (21/T)/n’. From (12) and (13) 
and noting by analogy to (6) that D’/n’ = (7 — 7)’, 


V (log B)=(r — 7)’ 


V (log a) = 
ais 7 + X(r — 7)? 


(14) 


In order to use (14) numerically suppose that the 
values of +r are derived from the experimental 
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temperatures 0°, 10°, 20°, 30°, and 40°C, and fur- 
thermore, let it be arbitrarily decided that the maxi- 
mum inaccuracy tolerable in log B corresponds to 
95 per cent confidence limits of +0.5. Hence, as- 
suming that the errors in log B are normally dis- 
tributed, we have 3.18 +/ V (log B) = 0.5, where 3.18 
is the value of Student’s ¢ for 3 degrees of freedom 
and the 0.05 probability level. Hence from (14) 
V (log t) is 0.000286. Now, from (6) and (9) it is 
seen, 


V (log lo) 
V (b)| (log t — log 7, "+ S(logi, — log i.)?] (15) 
b 
&. This equation may be applied to 
typical experimental data for the mercury cathode, 


where log i, 


which (reference shows) gives the most reproducible 
overpotential measurements. Let log 7. take the 
nine values, —7, —6.5, —6,--- —3, so that the 
value of log 7, is —5.0. Taking b and log % for the 
mercury cathode in aqueous acid solution as 0.115 
volt and —12.0, respectively, and using the value 
for V(log %) calculated above, it is found that V(b) 
is 0.0592 - 10 
limits in b of +0.0006 volt). Such an accuracy in 
estimating the slope of the Tafel line is unattain- 


lay . - fre . 
(corresponding to 95% confidence 


able even with modern techniques. This is evident 
since an error of only 1 mv in estimating the over- 
potential at 10°‘ amp/cm’ and a similar error in the 
opposite direction at 10°° amp/cm‘* is sufficient to 
cause an inaccuracy of +0.0005 volt in b. 

In a recent investigation using nickel cathodes 
(10) one twentieth of the experimental Tafel lines 
attained less than the above inaccuracy in slope, 
but the slope of the mean line of a population of 
Tafel lines could not be determined with an accur- 
acy (95% confidence limits) greater than +0.004 
volt. The 95 per cent confidence limits for log B 
were on the average +2.2, each limit being based 
on an average of 25 pairs of observations. It, there- 
fore, appears that the quantity B is not a useful 
distinguishing criterion of reaction mechanism. 

While variances (which should be quoted with 
their number of degrees of freedom) are indepen- 
dent of distribution of errors they are not readily 
assimilable as measures of error, and it is customary 
to assume (in the absence of evidence otherwise) 
that the distribution of errors is normal so that 
confidence limits may be quoted. Some caution is 
necessary here; for if it is assumed that the param- 
eters b and log % of the Tafel line have normal dis- 
tribution of errors, then the errors in 7% itself are not 
normally distributed. Consequently, the distribu- 
tion of errors of \ which is calculable from 7% (see 
later) is not normal, although it is unlikely that seri- 
ous error would arise by assuming normality. 





IV. GENERAL EQUATIONS 


A. Current and Potential 


Suppose that /; is the specific rate constant o 
an unspecified rate-determining step in the forward 
direction of a reaction (ions depositing). Then. 


k = , kT exp (- a) > 
Miles Bein, BE i “i 


where (AG*), is the standard free energy of the 
activated complex of the rate-determining step 
with respect to the initial state (here assumed to be 
A gram ions of hydrogen ions constituting part of 
the monolayer adjacent to the electrode surface. 
often termed the Helmholtz double layer) of the 
reaction, where «x is the transmission coefficient. 
and where k and h have their usual meanings. Let 
a, be, the activity of H;O° ions in the initial state. 
Then the forward velocity @ is 


o = a,k. (17 
Also, the forward current is 
L = DAF, (18 


where \ is the number of electrons necessary so 
that one act of the rate-determining step can occur 

Suppose a potential difference Ag, is applied be- 
tween the electrode and the initial state of the reac- 
tion. If this potential difference is positive it retards 
the flow of reactants over the energy barrier of the 
rate-determining step, i.e., it makes (AG*), more 
positive. The potential difference increases (AC* 
by BAFA@. where BA¢, is the potential differenc 
through which the electrons pass before they reach 
the transition state. (Work done on the system 
after it has passed the transition state does no! 
affect the velocity of the reaction.) Hence 0 < 8 < | 
8 varies with the reaction mechanism, and is 4 
complex quantity, except in certain simple mecha- 
nisms. Thus, in the discharge reaction H;O0° + ¢ 
MH + H.O, 8 = } if the energy barrier is sym 
metrical. General and limiting values of 8 are evalu 
ated below for common mechanisms. From (1), 
(i7), and (18), 


+ kT (AG*), + Peet) (19 
1 = KAF zu exp ( - RT 


By a similar argument, 
t = «AF — ay exp 
h 
(20) 
(20) = {i'- at 
RT ' 
where (AG*), is the standard free energy of «ctiv® 
tion of the reverse reaction referred to the initial 
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{ this reaction, and ag is the activity of the 


‘ies in this initial state. 


\6. = Ad,, the reversible potential, 


so 0, where 7 = i) = i. (21) 


From (19), (20), and (21) and since 7 = Ad. — Ad, 


l 


l 


° : __ BAF 99 

} (il — ee ) ; = 
- Ae : 23 

iy EXP (+ RT ; (23) 


. a 55) 
’—-t = X} RT 
os ie (“ _ pu) 
ie RT é 


24) 


Equation (24) is the most general expression for the 


cathodic current, and represents a more fruitful form 


of the 


relationship than has been stated hitherto. 


Special Case 1.—Relation between 7. and 7 at 


appreciable overpotentials (e.g., 7 more negative 


than 


about —75 mv, see special case 3). 


Equation (24) becomes 


j. = fe Jew (- I (25) 


RT RT 
In % — . In 7. (26) 


1” BF B\F 


Equation (26) is Tafel’s equation, 


or 


n = a — b log i., (27) 
RT 
ere- i (28) 


so that, comparing (26) and (27) and (28), it follows 


that: 


Rquat 


and 1 


can h 
Thus 


2, wi 


RT 
a= OF In io, (29) 
2 303 RT 
b = B\F ? (30) 
a = Br. (31) 


on (31) shows that @ is a composite quantity, 


ced not be between 0 and 1 since 8 and X 


e maximum values of 1 and 2, respectively. 
le experimentally observed values of a of 
i have been difficult to explain hitherto, 
eclal case of equation (31). 

{ Case 2.—Relation between 7, and 7 at 
potentials (e.g., 7 less negative than —20 
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By expanding exponentials, equation (24) be- 
comes, 


~ ae 
RT ~ 


Thus, 7. and 7 are linearly related at sufficiently 
low overpotentials. Also, from (32) and formally 
allowing for the possibility of 07,/4y depending on n, 


a (2) si 
a: Fin On 0 : - 


\ (see Ref. 21) can be termed the electron number 
of the reaction and is estimated experimentally by 
applying equation (33). As shown below, \ is a valu- 
able diagnostic criterion of reaction mechanisms. 

Special Case 3.—Relations connected with non- 
linearity between » and log %,. 

From (24), 


~~) ’, 
c = & ex _ Ll — fi, 34) 
1 iy EXP ( RT [ f) ( 


f = exp (=) ; (35) 


When the departure of the Tafel line [see equation 
(27)| from linearity due to the reverse current in 
(20) is just detectable experimentally, then f/f is 
just distinguishable from zero, and » = »,. The 
smallest detectable and significant value of f, i.e 


where 


f,, depends on the experimental design, but, pro- 
vided a minimum number of about five pairs of ob- 
servations fall within a region about 0.025 volt on 
either side of n,, it may be assumed that f, is 0.05. 
Therefore, from (35), 


; . =) a 
i, = 0.05 = exp — ]; (36) 
* (m2 
or at 20°C with », expressed numerically in volts, 
0.075 : 
A = at (37) 
Ns 


Equation (37) gives an alternative method of es- 
timating A experimentally and has not been pre- 
viously described. 


B. Potential and Time 
1. During Build-up of Overpotential 
For a completely polarisable electrode, the net 
constant cathodic current is the sum of the con- 
denser (7’) and faradaic (”) currents: 
ii =i +7”. (38) 
Let C be the differential capacity of the electrode- 


solution interface. Then, 


—C dn, = 0 dt (39) 
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where dn, and dt are infinitesimal changes in 
and time, ¢, respectively. Let 9, and 7, be values of 
n at times ¢ = ¢ and t = , respectively. Since 7” 
is given by (24), then from (24), (38), and (39), 


oo =1.—1 jes ) (- or) 
dt eo RT 


sell (4 =). 


Special Case 1. dC/dn = 0; m more negative 
than —75 mv. 


(40) 


Equation (40) becomes 


Os Cdn: oo oe ee |e : Re -) 
= le lo I‘ ( RT . i 


— =f’ (42) 


and suppose f’ < 0.05 so that 7” is negligible in (38), 
then from (38) and (39), 


Cdn: 


dt (43) 


i= — 





Hence, from (42) and if i < 0.05, dn,/dt is a con- 
stant. To find the region of overpotential in which 
this result is valid, we apply (38) which becomes 
i. = @” att = ~, so that from (25), 


le = to |exp (- or) | (44) 


Also from (25), 


” = io jexp (- a) | ° (45) 
1 


Thus, from (42), (44), and (45), 


, Br — ’ 
f° = exp (° a =). (46) 


For example, let f’ = 0.03, then from (46), taking a 
typical value of 2.303R7/8\F from experiment as 
0.12, n, — m = —0.15, Le., the relation of poten- 
tial to time is linear [(43) is valid] to within 0.15 
volt of the constant value 7,. 


Special Case 2. dC/dn = 0; n, more negative 
than —75 mv; (n, — 1) less negative than —20 
mv. 


Let n, — m = An;att = 4, An = Amand att = 
to, An = Am. Hence, from (40) and (44), 


dye _ re ly - “a BAn_F 

dt ‘| exp ( er) 

ac pe 1-4 
PRT /\ 


(47) 












Or, integrating between ¢, and f, and the correspond. 
ing values of An, 
CRT |e 4, BAF 
wWB.FL =~ «=6—oRT 







h-h= |m (Am — Am). (48 





Equation (48) indicates that during the initia) 
build-up of overpotential, , relatively rapidly 
reaches practically constant values. For example, 
with 2.303RT/B\F = 0.1, the time required fo, 
overpotential to rise from within 10 mv to withiy 







1 mv of n,, is the same as that required for the in 
terval 1 mv to 0.1 mv from n,. 






2. During Decay 





(i) Relations in which it is assumed that dC/dy = () 
From (41) with 7 = 0, and 9, more negative 
than —75 mv, 


dy, _ tof. (- oar) | « 
a” c\™ RT } |’ 


where 7; is the overpotential ¢ seconds after the com- 








mencement of decay. Integrating, 








= F exp (Ss) + const. (50 

At t = 0, n° = n,. Hence, 
Const. = — CRT exp (Ss) (m1 
renter BF PN RT) 





From (50) and (51), 


. CRT exp 2") a (Pa) 
~ ipa LP CRT *P\ RT / | 


Special Case 1. 4: = 9, — An’, where Ay’ is les 







negative than —20 mv. 
Using this condition in (52) yields 


exp (Ss) exp (- —)- | 
PRT RT 








Having regard to the condition for &n’, (53) becomes 


i ol BAn,,F oy 
An = Ci exp ( RT)" 


Equation (54) shows that the initial decay of ove’ 
potential is linear with time. Hence, linear ext 
polations to zero time in the commutator method 
measuring overpotential are valid under the abov' 










defined conditions. 
’ . / . “) 
Special Case 2. An more negative than appro’ 





- ’ ative 
mately —50 mv (normal decay); n; more negal' 










than —20 mv. 
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ond. 


(48 
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Applying this condition to (52), and thus neglect- 
ing exp(GAn,F)/RT gives, 


CRT AniF Rai 
RT RT . CRT ed 
‘= = — ——— na 56) 
- = apt! — ap Arn ve 
Hence from (56) and (30), 
dm _ 2303RT _ (57) 


d(log t) BAF 


Equation (57) shows that overpotential decays 
logarithmically with time under the above condi- 
tions and that the slope of the logarithmic decay 
curve is the same as that of the corresponding Tafel 
line [ef. Butler (24)}. 

Special Case 3. n, less negative than —20 my. 
From this condition, the faradaie current 7”, 
is given by (32), also from (38), in which during 
decay 7. = 0, and using (39) it follows that 


dni Atom F me 
— a P (58 
dt CRT is) 
Integrating (58), 
t= es In | m | + const. (59) 


Equation (59) shows that the decay curve of over- 
potential against time becomes asymptotic to the 
time axis, the relation being exponential. The equa- 
tion may be used to find the differential capacity 
(25). 
(i) Relations in which dC/dy = f(n). 

During decay, 7” = C dn, dt. Using this in (38) 
and (39) gives 


can be _o dn 


dm _ ane 60 
— di (60) 


or 
: te ’ 
(it) — (tu) () 
at al 


where the values of C, dy, dt, and dn,/dt refer to the 
same overpotential 7. 


C= 


Further, if (54) is applied to infinitesimal changes 
during decay, 


dn’ iy BAF n, ; 
(2), * exp ( RT ), 062) 


so t} 


Equation (61) enables estimates of differential ca- 
pacity obtained from the build-up of overpotential 
to be corrected for faradaic current from observa- 
tions of the corresponding decay curve (22). The 
differential capacity may be obtained from the de- 
cay curve by application of (63), it being also neces- 
sary to know the values of b and log i of the cor- 
responding Tafel line. 


C. Current and Temperature 
From (19) and (21), 


‘yy 


° 1x , 
io = KAF . : a; exp {| — 4G"): ud BXAd, *), (64) 
h RI 


kT (AGS); 
to = kAF — a, exp (| — ——~'}, 65) 
, Tab ( RT ( 
where (AG?), is the standard free energy of activa- 
tion for the forward direction of the rate-determin- 
ing step at the reversible potential. Hence, 


=) - 
o= Bex 5 — Be Ot 
n I exp ( RT (66) 
where 
kT AS? —_ 
B = «\F Y a; exp ( R ), (67) 


and AH} and AS? are respectively the heat and 
entropy of activation corresponding to (AG?),. 
Assuming AH} and AS} are not temperature de- 
pendent, and that over small ranges of temperature 
B is constant, the plot of In % against 1/7’ has a 
slope of —AH3/R. 

Further, when 7 is more negative than —75 my, 
(25) and (66) give 


* 
ic = Bexp (- Alle fOr). (68) 


Hence, taking B and BA as temperature inde- 


pendent, 


(69) 


fee ) _ AHS + BAnF 
on ee = 


From (26), and with conditions assumed as for (69), 


On RT = 
z a = — : 0 
(52 5), B\F (70) 


From (69) and (70) it follows that 
_ _ _ AHG + BAF (71) 
aT): AFT - ; 


2 Other relations between current and temperature have 
been given by Agar (23). 
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V. Posstste Reaction Patus oF THE HYDROGEN 
EvoLutTion ReacTION® 


A. Source of Proton is H,O° 
The possible paths are (M being a metal atom): 


slow 


‘te + (A) 
MH — 2M + 
H,0° a + 
MH ~~ > mM + 
H,0° + H.O 
4 


H,0° H.O 


HO" MH +e —_— » + HO 
B. Source of Proton is H,O 


slow 


HO + _.» MH 
> He. 


OH” 
an 2M 


MH 


HO + e fast 


slow 


fe 
+ 
+ 
MH —_» H, + 2M 
of 
+ 
+ 
bp 


OH” 


HO slow iH 
HO fast H. 


OH 
OH + M 
HO aente MH 


slow 


H.O MH + « , He 


OH” 
OH + M 


(H) 


In alkaline solution it is also possible that the 
metal M ;° ion discharge is an intermediate step in 
the evolution reaction. 


slow 


> -« 


My + 2 
M: + 
MH + 


M; + 
M, + slow | 


fast 


MH + Lael 
fast 


Mi’ + z pe 
M, + 2H.0O fast wit 4 CH + 20H 


MH + MH slow 4. OM 


* The reaction paths suggested are by no means exhaus 
tive, e.g., it is possible that the discharge of hydroxonium 
ions may occur with an electrochemical desorption involv- 


ing water, i.e., HO + MH + e— H. + OH” + M. 


ze slow 


op 


zH.O fast + 2OH 


MH + e fast 2 + ] 


—_— 


ze fast 
—> 


zH.O slow 


——> 


M,H + e fast 


_+ 


ze fast 
- -—<—<—<—> 


zH.O fast M; + 2H 20H 


—y> 


H.O + M,H + e slow H, + OH +M, 
oqeamed 

The kinetics may be complicated by the presenc 
of: (a) simultaneous reactions in which, say, two 
desorptive reactions proceed at the same velocity 
in the steady state; (b) dual reactions in which tw 
stages in the evolution have virtually the san 
energy barrier (to within, say, 3 keal); (ce) linked 
reactions, where the energy barriers of various steps 
are of appreciably different heights, but the kinetic: 
of the overall process depend upon the heights 
of two or more energy barriers. 

It has been shown recently that discharge from 
water molecules in acid solutions is improbab 
(5). Henee, reactions EF to N are likely only in 4i- 
kaline solutions. The reactions A to D are the bes 
known and the most reliable material exists by whic! 
their kinetics, developed below, may be compared 
with experiment. A, B, and D are commonly termed 
The Slow Discharge, Atomic Hydrogen, and Ele 
trochemical Mechanisms of the electrolytic evolu 
tion of hydrogen, respectively. 


VI. Tue Kinetics oF Spreciric Reaction Paris 

The most important reaction paths will be coi 
sidered here in some detail. It will be assumed tha’ 
the adsorption of hydrogen upon the electrode 
governed by a Langmuir isotherm and that tl 
velocity of the reverse desorption reaction may | 
neglected at potentials not near the reversible hy 
drogen potential. 


A. The Source of the Protons is Hs0™ and the Alomi 
Hydrogen Reaction is Desorptive (Paths A and B 
1. General Kinetic Equations 


The reactions and velocities 1, v2, vz to be consi: 
ered are: 
rt v1 
H,0 + ( = MH, 


MH _ HO" +<¢ 
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and 2. Kinetics when Discharge is Rate-Determining 
‘ (Path A) 
MH + MH _", H; + 2M (74) 


Let dq+ be the activity of hydrogen ions in the 
electrical double layer in gram equivalents per liter’; 
a, be the activity of hydrogen atoms on the elec- 
trode surface in gram atoms per cm’; and x be the 
fraction of the surface covered with adsorbed hydro- 
ven (x is more rigorously defined as the fraction of 
the available surface covered). Then ay = 10 "2 
{there are 10" free spaces for adsorption per em’, 
of the electrode surface, and assuming the activity 
coeficient of the adsorbed hydrogen is unity it 


t follows, 


and 
v3 = kz 10 2", (77) 
where hy, ko, 


», ks are specific reaction velocities, and 
the energy barrier of the discharge reaction is as- 
sumed to be symmetrical. Ag = (Ad, — £) where 
Ao, is the inner potential difference of cathode and 
is the potential difference between 


the bulk of the solution and the plane passing 


solution and ¢ 


through the center of the ions adjacent to the 
‘athode surface. 
In the steady state, 


vi — Ve — 2v; = 0. (78) 


A Solving (75), (76), (77), and (78) for x gives the 


real solution: 


—(a, + a) + V/ (a + as)? + 8a, az 


r 79 
das 
B where 
a= hy ay+ exp (- 7), (SO) 
y =) 
le = 10 “ke ex ’ (S81) 
“ nies ee 
and 
a, = 10 "ks. (82) 
The current is, therefore, 
i. = 2Fy, = 2F1O “kya? ='2Fo32° (83) 
, 


a a, + a2) + V (a + a)? + 8a; a3) - (84) 


se of representation the suffix H,O* is replaced 


(1) General condition for slow discharge mechanism. 
The condition is 


LO(a, aa ds) <. dz, (85) 


where the factor 10 is an arbitrary limit of signifi- 
cance. The use of the terms ‘“a’”’ in the condition 
rather than the ‘‘k”’ terms provides for the possibil- 
ity of changes of mechanism occurring on varying 
potential or hydrogen ion concentration. The 
linking of a, and a, by a positive sign in the condition 
is clear, since, by the nature of the reactions con- 
cerned, a decrease in a2 increases x, thereby de- 
creasing a, and increasing a;: that is, a decrease in a» 
increases the probability of the slow discharge 
mechanism, as shown by the condition (85) above. 

(ii) Coverage of surface.—From (85) and provided 
(a; + a2)” > 10a(a, + a), ie., 


a, > 9a2, (86) 


it is easy to show that 8a,a; > (a; + as)*. Hence 
using this condition in (79) it follows 


r= Vs (87) 


2a; 


(iii) Tafel line. 
follows 


From (80), (83), and (87) it 


) 
tc = Fk, ay+ exp({ — - : 88) 
os ( ORT ( 
Hence from (27), (29), and (30) for the slow dis- 
charge mechanism, 


a = 0.6; (89) 
and, since A = 1, 
B = 0.5. (90) 


(iv) Effect of pH in pure dilute acid solution. 
Assuming that the Stern model of the electrical 
double layer prevails at the metal-solution inter- 
face, that the solution is dilute, that specific ad- 
sorption of ions is absent, and that the interfacial 
potential conditions are more than about 0.3 volts 
from those of the electrocapillary maximum, the fol- 
lowing equations may be validly used, 


Qy+ = (ay+)e exp (3), (91) 


RT 
RT 
Ad; = F In (Qu+)p, (93) 


and 


¢ = Const. + at In (ay+)s, (94) 
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where (@y+), is the activity of hydrogen ions in the 
bulk of the solution. Using these equations in (88) 
es ; 2RT _— 

it is found that » = Const. — E In z.. There- 
fore, overpotential is independent of the pH of the 
solution with the above mechanism under the con- 
ditions (85) and (86). 

(v) Effect of pH in the presence of excess neutral 
salt.—In the presence of excess neutral salt (e.g., 
LaCl;) ¢ decreases to a constant value near zero. 
Under these conditions (91), (92), (93), and (94) 
may be combined to 

n = Const. 2kT Ini. + 

F 
Equation (95) shows that under the above conditions 
(85) and (86), overpotential should decrease nu- 
merically by 58 mv at 20°C upon decreasing the 
pH of the solution by one unit. 

(vi) Effect of neutral salt at constant pH.—From 
(88), (92), (93), and (94), and considering (ay+), 
as constant, 


RT F 
; In (an+)p- (95) 


2RT , . 
= Const. — Ini. — ¢. (96) 
F 
Since on addition of neutral salt to the electrolyte 
¢ becomes more positive and approaches zero, 
overpotential increases numerically. 
3. Kinetics when Atomic Combination is Rate-Deter- 
mining (Path B) 
(i) General condition for atomic hydrogen mecha- 
nism.— Comparing with (85), the condition is 
10a; < a, + do. (97) 
(ii) Coverage of surface.—Using condition (97) 
and also the condition 


9a. < ay, (98) 
and also since ~/1 + n = 1 + 4n where n is small, 
it follows 

= (99) 
r= : Q¢ 
a; + a 


(iii) Tafel line. 
(99), 


2 
i. = 2F10 *k; | a J 
a + de 


From (80), (81), (82), (83), and 


(100) 
= 2Fk,10 " 1 4 B10 exp (4? r)| 

he « RT 

Evaluation of d(Ag) yields 
d(\n 7.) 
ke 10 *) 

] 2.4 
d(A®@) 7 ah diated = e- exp (r (101) 
d(in i.) 2.303 


2Fk» 10° * exp (49% : 
RTkyau+ “? \ RT 
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Hence values of a and, therefore, of 8 are e mplex 
functions of potential, and can be calculate: from 
(101) by the use of (29) and (30), taking \ as 9 
Two important limiting conditions arise from (10) ) 


Limiting condition 1: 


k2 10° ) 

If we \— exp (2%) > 10 | 
kon exp (39% Si (10 
2.303RT . aa 

b= OF = 0.029 at 20°C. (103 
Therefore, 
a = 2and@ = l,asA = 2 (104 


Limiting condition 2: 
If Ag tends to — ~, 


b— a, (105) 


so that 
and 6 — 0. (106 


a—Q, 


The forms of (100) corresponding to (103) and (105 
are, respectively, 


ie t@nt | ff a) a7 
2Fk; k ke | ex( RT) 107 


i. = 2Fk;,10~™. (108 


and 


Equation (108) clearly indicates the limiting cw- 
rent caused by the atomic combination reaction 

(iv) Effect of pH in pure dilute acid solution. 
Using (91), (92), and (93) in (107) it follows 

= Const. — a In i. (109 

Equation (109) indicates that with the above mech- 
anism overpotential is independent of the pH oi 
the solution. It is evident from (108) that the mag- 
nitude of the limiting current is independent of pit. 

(v) Effect of pH in the presence of excess neutral 
salt-—Equation (109) shows that 7 is independent 
of ¢ and, therefore, is independent of pH in th 
presence of excess neutral salt. Equation (105 
shows that the limiting current is independent of the 
presence of neutral salt. 

(vi) Effect of neutral salt at constant pH. 1 
unaffected by the presence of neutral salt (see 10! 


4: Minimum Coverage of Cathode by Hydrogen {or 
Atomic Combination to be Desorptive 


From (16), (77), and (83), 


i. = 29F = 10° x’, (110) 
} 


if (AG*), is taken as zero to give a maximum velo 
ity of combination, x = 1, and k, in (16) is identified 
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with /; in (83). Hence, the least possible coverage 

for the atomic hydrogen reaction to maintain a 
. ° 2. . 

current density of 7, amp/em’ is given by 


igh 


— 9 — 
z= 10 SRLT' 


(111) 





B. The Source of Protons is H;0* and the Electro- 
chemical Reaction is Desorptive (Paths C and D) 


|. General Kinetic Equations 


The reactions and velocities to be considered are 


H,O* + 1, MH, (72) 

MH —, HOt +e, (73) 
and 

H,Ot + MH +e —> Hp (112) 


», and v, are given by (75) and (76). vs is given by 
. =) 

4 = ky10 “ay+a exp | — a 2 (113 

V4 1 H J ( ORT ) 

The steady state value of x yielded by reasoning 


analogous to that leading to (79) is 


z= 2 (114) 
ay + (le + a4 


where 


a, = kylO "du+ exp (- oor): (115) 


The current is, therefore, 


2Fk,k, 10 *(ay+)* exp (- ”) 


; 2h . (116) 

9 9 AoF 
(ky + ky 10 “)ay+ + hk, 10° exp RF) 
From (116), 
d(Ad) 

d(\n i.) 

ko 10-° 
1 -+ 


e) wo (248) 
| (ky 10 ays PRE 


F i 4 210" (¥F) 
ORT (ky + ky lO )ay+ *P \RT 


4 | Fk, 10-? . AF 
(ky + ky10 *)ay+RT *P \RT 


) ° . . . . 
¢. Kinetics when Discharge is Rate-Determining 
j ath C) 


- (117) 


\) ‘reneral condition for slow discharge mechanism. 
Che condition is 


LO(a,; + de) < ay. (118) 
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(ii) Coverage of surface—Utilizing (118) in (114), 
and also from (80) and (115), 


x = a,/a, = k,/10°ky. (119) 
(iii) Tafel line.—Condition (118) utilized in (116) 


gives, 
a _{ dF . 
t- = 2Fki aq+ exp ( ao) (120) 
which relation is very similar to that found for a 
rate-determining discharge reaction followed by an 
atomic hydrogen desorption step. Hence, a = 0.5 
and 68 = 4 asi = 2. 

(iv) Effect of pH in pure dilute acid solution, (v) 
effect of pH in presence of excess neutral salt, and 
(vi) effect of neutral salt at constant pH.—These 
three effects are as already given in Section A, 2 


> = 


3. Kinetics when Electrochemical Step is Rate-Deter- 
mining (Path D) 


(i) General condition for electrochemical mecha- 
nism.—The condition is 


10a, < a; + ao. (121) 


(i1) Coverage of surface.—Special case (a) 


10a; < de. (122) 
From (114), (121), and (122), 

t= a, / A. (123) 
Special case (b) 

10d G ay. (124) 


From (114), (121), and (124), 
zg = }; (125) 


(iii) Tafel line—Special case (a). Conditions 
(121) and (122). From (116), 


. on ie 3AGF ms 
5. = 2 ks kes(@y +) exp (— oor): (126) 


From (27), (29), and (30) it follows that 


a = 3/2 (127) 
as AX = 2, B = 3/4. (128) 


(iva) Effect of pH in pure dilute acid solution. 
Using (91), (92), (93), and (94) in (126) it follows 
2RT 
= Const. — In i,. 129) 
’ 3F ( 
Hence with the above mechanism under the above 
conditions overpotential is independent of the pH 
of the solution. 

(va) Effect of pH in the presence of excess neutral 
salt.—From (91), (92), (93), and (126) and as ¢ > 0 
it follows that: 
2RT RT 


-Ini, + = 


3F 3F In (ay + ) B. ( 130) 


n = Const. — 
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Equation (130) shows that under the above condi- 
tion overpotential decreases numerically by 19 mv 
at 20°C upon decreasing the pH of the solution by 
one unit. 

(via) Effect of neutral salt at constant pH.—From 
(91), (92), (93), and (126) and considering (ay+), 
as constant, 


2RT 


3F Ini. — £/3. (131) 


n = Const. — 
Hence, as ¢ becomes more positive and approaches 
zero on addition of neutral salt, overp — :tial 
increases numerically. 
(iiib) Tafel line-—Special case (b). Conditions 
(121) and (124). From (116), 


. ¥ A F ’.« 
i, = 2Fk;aq+10° exp (- -) (132) 


From (27), (29), and (30) it follows that 
a = 0.5 (133) 
asX = 2. B= 1/4. (134) 


(ivb) Effect of pH in pure dilute acid solution, 
(vb) effect of pH in the presence of excess neutral 
salt, (vib) effect of neutral salt at constant pH. 
Consideration of (91), (92), (93), and (132) shows 
that the above three effects are as already given in 
Section A, 2. 


C. The Source of the Protons is Water and a Metal 
Cation Takes Part in the Reaction: A Special 
Case 

Reference to the reaction paths FE to N indicates 
that many more possibilities exist for the mecha- 
nism of the evolution of hydrogen when the source 
of the protons is water than when it is the hydroxo- 
nium ion. Since little data as yet exist with which com- 
parison may be made, the kinetics of these schemes 
will be formulated here only in one special case. 
It has been recently shown by Bockris and Watson 
(6) that the evolution of hydrogen at mercury cath- 
odes from aqueous alkaline solutions involves the 
alkali or alkaline earth metal cation. Hence, the 
possibilities in this case are: 


M + ze bate M/Hg (a) 
M/Hg + 2zH,0 fast, M** +zHgH + zOH™ (b) 
or, 
» fast 
M + 2 > M/Heg (c) 
M /Hg OF a (d) 
slow 


M/Hg + zH.0—— M* +zHgH + 20H  (e) 


In both reaction schemes desorption of hy:irogey 
may occur by means of the reactions, 


HgH + HgH — H, + 2Hg (f 
H.0 + HgH + e > H, + OH. ts 


It is improbable that reaction (a) occurs because 
evidence is available (7) that alkali metal deposition 
occurs on Hg without being accompanied by an ap. 
preciable overpotential. Reaction scheme cdef will, 
therefore, be formulated. It can be shown that very 
similar results are obtained for the scheme edeg (6) 

Let vs be the velocity of reaction c, vg that of ¢. 
v7 that of e, and vs that of f. Let 2 be the fractioy 
of the surface of mercury covered with alkali meta! 
atoms in the steady state and 2x2 be the similar frac- 
tion for hydrogen atoms. Then, 


v= ks Ay+(1 -— 7 = Xe) exp (- a). (135 
. F 

ve = kel’ x; exp (Se) . (136 

vy = ky (10 2;)' ayo, (137 


where 2; is raised to the power } in accordance with 
the experimental data of Jofa and Pechkoyskaya 
(8) on the velocity of reaction between potassium 
amalgam and water. dy,0 is the activity of water, 
and k;-k; are velocity constants. 

At low and medium current densities, | > 2, 7 
Also, in the steady state, 


Us — U6 — v7 = 0, (138 
V7 — vg = 0. (139 
According to the mechanism suggested, 
zAoF 9/2 
ks ady+ Exp (- —) > ky 10 , 44.0 a 


K ke 10°” exp (=e). 


2RT 


From (140) by an argument similar to that used in 
the derivation of (88), one obtains 


| k ; AdF | 
t- = Fk, (‘) Qn .0(Aue+)! exp (- i) — 


ks _ (AGT)s — (AG? ) 
ke exp ( -~ a fo 


= exp am a) 
*T RT)’ 


where AG; is the standard free energy change I! 
reaction (c). Because the departure from irrevel* 
ibility in (135) and (136) is small it follows tha! 
approximately, 


(142) 


AG, = —zeF, (143 





Acid % 
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Alkalir 


over 
pote 


wher 
Hg. 
foun 


VI, 


the ¢ 








where ¢o is the reversible electrode potential for the 
alkali metal concerned at unit activity in mercury. 
Hence, from (141) and (142) and (143), 


j 2F ’ 
' = 2Fayeo (Quet)” br ex -l€éo9 — A . (144 
1, 2F H20 \Om )* ky p (, [ 0 él) ( ) 
\ reasonably good value of e¢ can be obtained from 
the emf of a reversible amalgam electrode of the 
type M amalgam/M*" ions at unit activity. If 
it is assumed that the interaction energy between M 


° . . / . . 
and Hg is included in e, and that it is constant 
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B. Numerical Calculations 


1. General Remarks and Preliminary Calculations 


The results of calculations presented here are to 
be regarded as of order accuracy only. This is due 
to (7) the approximation involved both in the 
equations themselves and in the method of numer- 
ical application (e.g., calculation of reversible elec- 
trode potential, see below), and (77) the inaccuracy 
of some of the experimental and theoretical data. 
The following results are intended to be exemplify- 


TABLE I. Characteristics of various mechanisms of cathodic hydrogen evolution 


Characteristic of mechanism Conditions for application 


‘cid solution mech- Slow discharge 10(a; + a2) < as 
imisms 
Fast atomic H (A) Gaze < ai 
Slow atomic H 10a3 < ai + ae 
Fast discharge (B 9ae < ai 
Slow discharge 10(a; + a2)< as 
Fast electrochemical (C) 
Slow electrochemical a + a2 > 10a; a2 > 10a; 
Fast discharge (D) ai > 10a2 
\lkaline solution Slow discharge from HO Analogous to mechanisms 
mechanisms with either fast atomic H with discharge from H,O' 
(B) or fast electrochemical 
from HO* (G) 
¢ Slow M/H,O reaction as > 10a; < ase 


Fast M** discharge 


Fast atomie H (J) 


With 


sym- an t 
metrical r , 
energy O(In ayy+) B Neutral salt 
A barrier Thi effect at 
constant pH 
a + Excess 
e|@ Pure soln. neutral salt 
1 ; } Nil l1—y ; RT 7m more neg. 
BY F 
2 2 1 Nil Nil Nil 
2 i } Nil 1-y ; RT | » more neg. 
¥ F 
2 : 3 Nil l-y : RT | » more neg. 
li+y F 
2 j h Nil 1-y RT |» more neg. 
Y F 
1 4 ; —2RT —RT 7 more pos, 
F F 
Fe 4 —RT , RT ’ O In(ayy?*) y —RT 
F oF 0 In(ay*) g F Nil 


Barrier disymmetry factor = Fraction of potential assisting forward direction of rate-determining step. 


* Assuming univalent alkali metal ion. 
= 


} Assuming that relation ¢ = const + F In (ay*+), is valid. 


over a small change of activity, then the electrode 
potential e, is given by 


’ RT l “ 
Ce = eo t+ ; In Oh? (145) 
where Cy = concentration of alkali metal M in 


~ . . / . 
Hg. From (145), knowing e, experimentally, eo is 
lound 


VII. Discussion oF MECHANISM AT Hg, Ag, Ni, 
AND Pt CaTHopEs 
\. Table of Distinguishing Criteria 
oe are given in Table I which is based upon 
the gy 


il results to be found in Sections IV and VI. 


ing rather than exhaustive (e.g., throughout, the 
concentration of hydroxonium ions in the electrical 
double layer has been taken to be 10°" gram equiv- 
alents per liter and no quantitative examination 
has been made of the effect of variation of concen- 
tration). 

Evaluation of terms such as exp (Ad@,F)/RT' has 
been made by expressing Ad@, as the potential of the 
reversible hydrogen electrode with respect to the 
electrocapillary maximum of the metal concerned. 
The approximations involved in this procedure, 
involving the neglect of the potential difference at 
the interface due to adsorbed solvent dipoles, 
should be recognized; in comparison of rates on 
various metals, this error is less serious because it is 
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reasonable to assume that the dipole contributions 
are approximately the same at different metals. 
The terms AGT, AGT, AGT, and AGT (where AG* 
is a standard free energy of activation; 1 and 2 
refer respectively to the forward and reverse direc- 
tions of the discharge of hydroxonium ions; and 3 
and 4 refer respectively to the forward atomic hy- 
drogen and electrochemical desorption steps) have 
been obtained as follows. AGS and AG? have been 
taken from calculations by Parsons (26) of the ener- 
getics of the discharge reaction’. AG} (for the atomic 


TABLE II. Certain numerical quantities at 20°C 


Reversible 


I y poten- 
Of t \tial referred "6 ° 
th “3, | 4* = | to electro- wet) Log ki on Log k: ki/ke 
7 0.1) capillary _ = 
maximum 
volts 

Hg —12 | +0.20 38 | —15.5 | 23.2) —4.5 | —11.0 
Ag — | —0.046 31 —10.3 | 23.9 | —5.0| — 5.3 
Ni —6 —0.30¢ | 31 | —10.3 | 23.6 | —4.7 | — 5.6 


t Value obtained from interpolation of an observed rela- 
tion between ® and the potential of the electrocapillary 
maximum for a number of metals. 


TABLE III. Potential conditions for slow discharge mech- 
anism (Path A) at 20°C 


Condition (85): Condition (86): 


Cathode Overpotential in volts Overpotential in volts 
Hg More positive than —1.4 | More negative than 
—0.43 
Ag More positive than —0.54 | All values satisfy 
condition 
Ni More positive than —0.29 | All values satisfy 
condition 


TABLE IV. Surface coverage with hydrogen at various over- 
potentials (Path A) 


Overpotential 


Cathode (volts) —0.1 —0.3 —0.5 —0.7 —1.0 —1.5 
Hg Coverage z | 107%? | 1075-4 | 10745 | 1073-4 | 1077-4 | Sata. 
Ag Coverage z | 107?-* | 197! 7 | 10 “0.9 Satd. surface 
Ni Coverage z | 107'* | 107° Saturated surface 


hydrogen desorption) will be shown below to have a 
value of approximately zero. AGT (for the electro- 
chemical desorption) cannot yet be calculated even 
with sufficient accuracy for the present purposes; 
k,, where n = 1, 2, or 3 depending on the reaction 
concerned, has been calculated from AG* by means 
of the equation, 


b, = = exp (- 4) 
Te oe 


5 All numerical values quoted in following sections hence 
depend upon the accuracy of these very approximate cal- 
culations, except for values calculated here concerning 
platinum. 


(146) 


Table II gives numerical values of some of the 
quantities used in the following calculations. 


2. Potential Conditions for Applicability of Slow 
Discharge Mechanism (Path A) 


The two conditions to be satisfied for (88) 
apply are (85) and (86). Numerical application oj 
these conditions gives the results of Table II]. 


3. Coverage of Surface (x) for Slow Discharge Mecha. 
nism (Path A) 


Table IV gives the surface coverages at various 
overpotentials obtained by applying equation (87 
at 20°C. 


4. The Value of AG} for Atomie Hydrogen Desorp- 
tion 


For smooth Pt cathodes the observed experimen- 
tal slope of the Ta‘e! line at current densities of 
about 10° — 10° amp/em”* indicates that the 
atomic hydrogen mechanism is rate-determining 
The limiting current density for this mechanism is 
found to be 30 amp/cm* in 1N aqueous acid solu- 
tion (13). Substituting in (146) it follows that, 


AGS = —2.5 keal approx. 
ks = ?—*. 


The correct value of AG} can therefore be taken as 
about 0 keal, the corresponding value of k, being 
10* at ordinary temperature. With the approach 
of saturation appreciable departures from ideality 
among the hydrogen atoms on the surface are 
likely to occur. Hence, the reaction may be some- 
what slower than indicated by the value of AG; 
A low value of AG} would be expected because the 
reaction concerned is a surface radical reaction. To 
a first approximation it is assumed that AG} (and 
also k;) are the same for all cathodes. 


5. The Value of ky/ke for Pt Cathodes 


Utilizing the above determined value of A; 
(or ks) in (100), (80), and (81) referred to the spe- 
cial case of the exchange current i so that 9 = !) 
it follows that 


ky/k, = 107°", 


6. Calculation of the Course of the Tafel Line for \ 
Pt Cathode 


Substituting the above obtained values’ for | 
and k,/k, in (100) gives the complete Tafel eq! 


*In this calculation the experimental value of /s |“ 
10'*2, has been used in order that the limiting current sh! 
appear at 30 amp/em*. If the value of k; = k7/h = 1” 
is used the limiting current appears at 1 amp/em’.! 
either case the form of the calculated Tafel line remai! 
the same. The values of log iy and the reversible hydrose® 
potential referred to the electrocapillary maximum hav’ 
been taken as —3, and +0.28 volts, respectively. 
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tion for hydrogen evolution from aqueous 0.1N 
HCl. The two limiting slopes deduced in (103) 
and (105) are shown (see Fig. 3). 


7, Minimum Coverage of Cathode by Hydrogen for the 
Atomic Hydrogen Mechanism to be Desorptive 
The required minimum coverage is obtained from 
(111) asa function of current and is given in Table \ 


r 
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Fig. 3. Caleulated course of Tafel line for the smooth 
platinum cathode in 0.1N HCl at 20°C (assuming path 
B is rate determining). 


TABLE V. Minimum coverage for atomic hydrogen desorption 


te amp/cm* x 
= 10-6 
10-* 1074-5 
10-6 10-3 
10-3 1071-5 
I 1 (satd. surface) 
10 Saturated surface 


TABLE VI. Potential conditions for atomic hydrogen mech- 
anism (Path B) at 20°C 


Condition (97) 


Cathode on ( Condition (98 
Overpotential in volts Overpotential in volts 
Hy More negative than More positive than 
~1.65 —0.43 
Ag More negative than All values satisfy con- 
—0.78 dition 
Ni More negative than All values satisfy con- 


—0.64 dition 


8. Potential Conditions for Applicability of Atemic 
Hydrogen Mechanism (Path B) 


The two conditions to be satisfied for (100) to 
apply are (97) and (98). Numerical application of 
these nditions gives the results of Table VI. 
For smooth platinum cathodes, the use of the ex- 


perime:'al values of k,/ke in condition (97) shows 
that fo the atomic hydrogen mechanism to apply 
aly k, must be > 10°°*. 
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9. Conditions for Applicability of Slow Discharge 
Mechanism (Path C) 


The condition to satisfy for (120) to apply is (118). 
However, in this case it is not possible to calculate 
sufficiently accurate values of k, or AG? for potential 
conditions to be found. Limiting values for ky and 
AG? when Path C is rate-determining have there- 
fore been calculated and are given in Table VII. 

Calculations of AG by statistical mechanical 
means are complex and have only been attempted 
by Conway (9) in the case of Ag. He finds (AGT) a, = 
9 keal, in which case, therefore, discharge would be 
rate-determining if the desorption were electro- 
chemical. 


TABLE VII. Limiting values of ky and AG for Path C to be 
rale-determining at 20°C 


Cathode ky limit for Path C, AG? limit for Path C, 
- Rate-determining Rate-determining 
Hg When » more negative When 9 more negative 


than —0.43 volt k, 
must be > 1075-5 


than —0.43 volt AG; 
must be < 24 keal 


Ag k, must be > 10-°-? at AG) must be < 17 keal 


all overpotentials at all overpotentials 


Ni As for Ag As for Ag 


TABLE VIII. Marimum values of surface coverage for Path 
C to be rate-determining 


Cathode Maximum value of x 


Hg | 10° at overpotentials more negative than —0.43 
volt 


Ag | 10° at all overpotentials 
Ni | As for Ag 


10. Coverage of Surface for Slow Discharge Mecha- 
nism (Path C) 


The coverage x is given by (119), and by using 
the limiting values of ky given in Table VII a maxi- 
mum value of x can be calculated (see Table VIIT). 


11. Conditions for Applicability of Electrochemical 
Mechanism (Path D) 

The condition to satisfy for Path D to be rate- 
determining is (121), but since ky and AG? are not 
known accurately, Table LX gives limiting values 
of these quantities (cf. Subsection 9). 


12. Potential Conditions for Applicability of a = 
$ and a = 4 when Path D is Rate-Determining 


The condition to be satisfied for a to have values 
of 3 and 3} are, respectively, (122) and (124). The 
potential conditions appropriate to both values of 
a are given in Table X. 
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13. Coverage of Surface for Electrochemical Mecha- 
nism (Path D) 


The required coverage is found from (114) neglect- 
ing a, and is as follows: 
Hg: Surface saturated at overpotentials more 
negative than —0.37 volt, 
Ag:) 
Ni 


Surface saturated at all overpotentials. 


C. Estimate of Rate-Determining Reactions at Hg, 
Ag, Ni, and Pt Cathodes According to Evidence 
at present Available 


1. Mercury 


(i) In Acid Solution.—The value of a = 4 shows 
that the mechanism must be A, C, or D. At low 
current densities the velocity of the atomic com- 


TABLE IX. Limiting values of ky and AG; for Path D to be 
rate-determining at 20°C 


ky limit for Path D, 
Rate-determining 


AG? limit for Path D, 
Rate-determining 


Cathode 
Hg When » more negative When » more negative 
than —0.43 volt k, than —0.43 volt AG; 

must be < 10°7-5 must be > 27 keal 
Ag k, must be < 10°? at AG{ must be > 20 keal 


all overpotentials at all overpotentials 


Ni As for Ag As for Ag 
TABLE X 
Cathode Condition for a 3/2 Condition for a = 1/2 
Hg 7» more positive than » more negative than 
—().32 volt —0.43 volt 


a. values of 7 


Ag No value of 7 
All values of » 


Ni No value of » 


bination is too great for mechanism D to occur 
(see Section VII, B, 11). It is therefore highly 
improbable that this mechanism occurs at all on 
mercury because a change to it at higher current 
densities would involve a change in the value of % 
and this is not observed. Further, according to the 
conclusion of Section (VII, B, 13), if D were opera- 
tive, the surface of the mercury would be saturated 
with adsorbed hydrogen at all potentials acvessible 
to experiment, and this is contrary to evidence con- 
cerning the variation of the interfacial tension of 
mercury-solution interfaces with pH (11). Aecord- 
ing to the results of Section (VII, B, 12), mechanism 
D with a value of a = §$ would occur up to an over- 
potential of —0.3 volt (corresponding to a current 
density of about 10°” amp/em*) if electrochemical 
desorption were the rate-determining reaction. 


Measurements in this current density regio: haye 
been made (12) and do indeed show an ii:creas 
in the value of a. Here, however, the continuous 
increase of a with decreasing current density prob. 
ably indicates the presence of slight trace impurities 
in the mercury used (to which traces the kincties of 
the electrode reaction would be very sensitive at the 
very low current densities involved). 

The mechanism is hence probably A or (. Ae. 
cording to the results of Sections (VII, B, 4 and 8). 
the mechanism cannot be A above a current density 
of about 30 amp/cm’* and below about 10° amp cm’. 
outside which limits it must therefore be C. It is not 
possible to distinguish at present between A and ( 
at intermediate current densities although for both 
the rate-determining reaction is the discharge step. 

(ii) In alkaline solution.—As shown in the special 
case worked out in Section (VI, 6), the rate-deter- 
mining reaction here is the combination of alkali 
metal atoms with water. An implication of this 
mechanism is that it would give rise to a limiting 
current density at high current densities, but this 
aspect is as yet unexamined. 


2. Silver in Acid Solution 

The value of a (9, 13) shows that the mechanism 
must be A, C, or D. The results of Section (VII, 
B, 2) show that mechanism A cannot occur at over- 
potentials more negative than —0.54 volt, and fu 
thermore is unlikely at high current densities since 
no limiting current is detectable up to current densi- 
ties of 150 amp/cm?® (13). If the mechanism is /) 
Section (VII, B, 12) shows that @ must equal } as is 
observed. A determination of \ (14) yields the valu 
1 which favors mechanism A; and statistical mechan- 
ical calculations by Conway (9) have shown that 
AG; is about 9 keal, whereas for. mechanism D to 
occur AG; must be >20 keal. Effect of pH is com- 
plex but can be brought into better accord with | 
or C if Stern’s equations for the dependence of elee- 
trokinetic potential on concentration are developed 
fully. 
3. Nickel 

(i) In acid solution.—The value of a showsthat 
the mechanism must be A, C, or D (9, 10, 1 
Determination of \ is difficult since the Tafel line 
is of the dissolution type (see Fig. 1) and at inter 
mediate current densities in strongly acid solution 
(>N/2) the dissolution of the metal partially 0) 
scures pH and salt effects. Azzam and Bockris have 
shown (13) that a limiting current occurs at abou! 
| amp/cm* which supports mechanism A. ‘The ab 
sence of pH effects at concentrations below V_ 10" 


aiso supports this mechanism. The results of ect?! 
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(VII. 8, 2) show that mechanism A cannot take 
place at overpotentials more negative than —0.3 
volt, and it is interesting to note that the Tafel 
line begins to attain a limiting current at about 
this potential when measurements are made using a 


perimental determination of B is prohibitively diffi- 
cult [see also Butler (19)]. In order that the proto- 
tropic transfer theory can yield a satisfactory 
theory of pH effects and of reversible electrode po- 
tentials an unusual structure of the double layer has 
fresh cathode surface (10). to be assumed (20). Forecasts made upon this basis 

(ii) In alkaline solution—-The coefficient a is of similarities between hydrogen and oxygen over- 
1 and \ is observed to be 1 (10), which indicates potentials have also not been confirmed (27). The 
that mechanism E or G is operative. This is con- second theory (18) suffers the fundamental disad- 
firmed by the interpretation of the observed pH vantage that it involves the formulation of the 
effects. kinetic processes at working hydrogen electrodes 
in terms of equations applicable only under equi- 
librium conditions; it is impotent in indicating ex- 
pected pH and salt effects; and the explanation 
suggested for different values of b is based on ex- 
perimental results which are not in accord with 
those obtained using very pure solutions. 

Lastly, a quantitative, statistical mechanical 
formulation of the discharge reaction from both 
hydroxonium ions and water has recently been 
made (5). This work indicates rates of the discharge 
reaction in good accord with those experimentally 
observed on the two electrode materials considered 
(Hg and Ni). There also appears to be only a very 
is not (except transiently at a limiting current) small probability that discharge can proceed from 
greater than about 0.13, i.e., 8 > 0.45/A. This fact water molecules in acid solution. 
confirms that the energy barrier-for the discharge 
reaction is usually nearly symmetrical and is in ACKNOWLEDGMENT 
accordance with the equations formulated in Section 
\I). Higher values of b are probably connected 
with a distortion of the energy barrier (the position 
of the transition state complex being displaced 
toward the electrode) due to the specific adsorption 
of poisons on the electrode. 


| Smooth Platinum in Acid Solution 


The value of a at intermediate current densities 
indicates that the mechanism is B (16). The mecha- 





nism at current densities above the limiting cur- 
rent density may be C or D, but is probably D 
owing to the saturation of the surface with ad- 
sorbed hydrogen at the limiting current density. 


VIII. Summary oF Some Recent ADVANCES 


The controversy concerning the value of 6 in 
the Tafel equation now seems resolved experi- 
mentally as follows. If the solutions are pure, b 





Thanks are due to Dr. R. Parsons for critical dis- 
cussion and to Dr. R. G. H. Watson for verification 
of the numerical calculations. 


Any discussion of this paper will appear in a Discussion 
Section, to be published in the December 1952 issue of the 
JOURNAL. 

The realization of the use of \ as a distinguishing 
criterion of mechanism, and its intensive statistical 
application, has made available a criterion of greater 1. J. O'M. Bockxris anp B. E. Conway, Trans. Faraday 
power than previously existed Seeaj Wy COB (10ND). ’ 

: : * glianarag , ; . A. M. Azzam, J. O'M. Bocxrts, B. E. Conway, anp 
Knowledge of AH¢ and the potential of the elec- H. RosenBera, Trans. Faraday Soc., 46, 918 (1950). 
trocapillary maximum aid application of the quan- 3. J. O'M. Bocxrts anv B. E. Conway, J. Sei. 

titative conditions established above. ments, 25, 283 (1948). 

In recent years, it has been suggested (17) that 4. J. O'M. Bockris, Chem. Revs., 3, 561 (1948). 
: 5. R. Parsons ann J. O’M. Bockaris, Trans. Faraday Soc., 
47, 914 (1951). 
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